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CHEMICAL STUDIES ON BACTERIAL AGGLUTINATION 
V Acglutimv ANT) Precititin Content or Antisera to HAEiiopnaus 

INFLUENZAE, TyPE B* 

Bv IlATni: E ALEXANDER M D , \so MICHAEL HEIDELBERGER PnD 
{From the Departn etits of Pedtalnes and Medicine, CoUepe of Physicians and Surgeons, 
Columbia Unirersity and the Presbytenan Hospital, Neai York) 

(R«ci\ ed for publication, October 6, 1939) 

Agglutinating and prcapitating antisera to Baemophlus injlttcttzae, U’pe 
B, ha\c been recorded in recent >cars by Pittman (1), and by Ward and 
Wright (2), and have also been studied by Pittman and Goodner (3), and 
Pothergill, Dingle, and Chandler (4) The titers of these sera were deter 
mined by the usual relative methods Knowledge of the actual antibody 
content of anti influenza type B sera has now become urgent because of 
indications tliat such sera may possess curatii e action m influenzal meningi 
tis in children (S) The quantitative, absolute methods for the estimation 
of agglutinin nitrogen (0) and prcapitin nitrogen (7) developed in this 
laboratory proved adaptable to the problem The present paper deals 
wth the agglutinin content of antisera obtained from the horse and rabbit 
as estimated with suspensions of influenza baalh prepared in different ways 
and ivith different strains, and also discusses the prcapitin content of such 
sera as determined with different preparations of the specific polysaccharide 
of the type B influenza baallus The methods used for obtaining antisera 
from rabbits are also desaibed, since the analytical control has aided in the 
production of rabbit sera containing five to ten times as much antibody as 
the best available when this study was imUated 

1 Preparation of Ilaemophiliis tnfluen ac Type B Suspensions and Immuni ation of 
Rabbits — The fundamental pnnciplcs stressed in a previous report (5) have been adhered 
to in the production of the antigen used for immunization Well encapsulated type B 
strains recently isolated from blood or spinal fluid cultures have been used tVhen the 
ability of these strains to produce well defined capsules diminished on transplanting, a 
mucin suspension of the culture was passed through mice The first transplant after 
recovery from the pcntoncum was used for seedmg Levinthal (8) agar plates 0 3 ml 
of a 24 hour Levinthal broth culture was spread over each plate and incuhated for 6 

* The work reported in this communication was earned out in part under the Hark 
ness Research Fund of the Presbytenan Hospital 
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hours The growth was then washed ofi with 5 ml of 0 85 per cent sodium chlonde 
contaming 0 5 per cent of formalin The resulting suspension was diluted to a standard 
turbidity of 3 5 by the Gates turbidometer This type of antigen may be stored in 
the cold for at least a month and still retains definite capsules when tested by the swellmg 
phenomenon (5) Since there is evidence that the type specific cells are very sus- 
ceptible to temperature changes and mechamcal influences, the stored antigen was 
checked frequently for presence of capsule This standard suspension, averaging 
1,800,000,000 per ml by colony counts, was used according to the followmg schedule in 
the production of rabbit antisera Immediately before injection the antigen was diluted 
with an equal quantity of saline 24 New Zealand white male rabbits about 6 months 
of age were divided into 2 groups of 12 each 


TABLE I 

Schedule of Injections of Rabbits with Haemophilus influenzae, Type B 


Rabbit group 

1-12 

1 Vaccine 

Agglutinin 
mtrogen in 
serum pool at 
end of course 
(from Table IV) 

Daily dose 4 times 
weekly 

Number of 
injections 

Total 

quantity 


ml 


ml 

ms per ml 

Course I 

0 1-1 0 

16 

10 1 

0 60 

Course n 

1 0 

14 

14 0 

0 60 

Course m 

0 1-1 0 

13 

10 7 

0 83 

Course IV 

0 5-10 

13 

12 0 

1 08 

Total 

46 8 


13-24 





Course I 

0 1-1 0 

16 

10 1 

0 50 

Course n 

1 0-3 0 

14 

24 4 

0 77 

Course in 

0 1-3 0 

13 

21 2 

0 77 

Course IV 

0 5-3 0 

13 

28 0 

0 73 

Total 

83 7 



Dunng the first month of immunization rabbits 1 to 12 received the standard vacane 
and rabbits 13 to 24 the standard vaccine washed once with 0 5 per cent formalimzed 
sahne The same schedule and dosage were used for each group With an imtial dose 
of 0 1 ml and with inoculations on 4 consecutive days out of each week the amount 
was increased by 0 1 ml daily until 1 0 ml was reached This dose was repeated for 
the next 5 injections, after which a rest period of 6 days elapsed pnor to sample bleedings 
Since analysis of these failed to show much difference between the antisera produced 
bj the washed and unwashed vaccines (Tables I and IV), unwashed vaccine was used 
for all subsequent immumzations In an attempt to determine the optimum dosage of 
antigen rabbits 1 to 12 were mjected with a constant amount, 1 0 ml , and rabbits 13 to 
23^ were increased gradually to 3 ml After large bleedings of 40 ml per rabbit, 0 I ml 


^ Dunng the first four courses of mjections 3 rabbits died m each group 
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of antigen T\as given the following daj The schedule used dunng the previous course 
was then resumed for each group of rabbits for an additional 2 months with 40 ml 
bleedings per rabbit at monthli intcr\ak The analysis of the antibody content at 
these intervals showed that while the group 13 to 23, receiving up to 3 ml of antigen 
dail>, showed a more rapid ri c, it became stationarv sooner and never reached as high 
a peak Although this mav have been due to individual variations in the two groups, 
the dose per da> for all nbbits was changed to 1 0 ml after a 3 months period of com 
panson of the dosagcb described The immunization procedure is summarized in Table 
I and the data on the agglutinin content of the pooled bleedings from each senes of 
rabbits arc given in Table IV 

Suspensions for the quantitative agglutinin method were prepared m the same wa> 
as the vaccines for injection The formalmized suspensions were allowed to stand in 
the cold for at least 48 liours pnor to centrifugation and removal of the formaldeh) dc b> 
three washings w ith dulled 0 9 per cent saline I he cells w ere then taken up in chilled 
saline containing 1 10,000 mcrthiolatc * and were cvcnlv suspended and filtered through 
a loose cotton plug m order to remove an> lumps not visible to the naked c>e The 
suspensions were finall) adjusted to a volume such that 1 ml contained 0 4 to 0 6 mg 
of nitrogen 

In several instances cclU from broth cultures were u-^cd as noted in the tables 

Z Determination of Agglutinin A ilrogen —The method onginall) used for the estima 
lion of oggluUnm nitrogen in antipncumococcus sera (6) was found applicable with little 
modification other than the neutralization of the antisera to about pH 7 (phenol red) in 
order to avoid extraction of nitrogen from the bacillarj suspension dunng the analysis 
This precaution contnbuted greatl> to the accurac> and rcproduabiliiy of the results 
The method depends upon the addition of an accurate!) measured amount of a washed 
bactenal suspension to an accurately measured volume of antiserum, the relative 
amounts being so chosen that the bactena are in excess After agglutination is complete 
the difference in nitrogen between the agglutinated bacilli, suitably washed, and the 
mtrogen content of the some volume of unagglulinatcd bacilli, gives m milligrams, the 
agglutinin nitrogen content of the volume of scrum chosen An analysis of the super 
natant is also earned out in order to make certain that all antibody has been removed 
Details of the method arc given in (6) In its application to neutralized anti influenza 
sera and plasmas it was found advisable when maximum values for tjpe speafic agglu 
timn w ere desired, to use formalin killed suspensions of a 6 hour grow th of 11 tnflnen ae, 
type B As noted m Table 11, there seemed little difference m the rabbit antisera tested 
whether the bacilli were grown on agar or in broth Heat killed cultures, however were 
found to have lost much capsuhr substance, so that repeated absorptions with suspen 
sions prepared from them were necessary to remove an amount of agglutinin comparable 
with that taken out b> a single absorption with formalin killed cells 

Usuall> 1 5 ml of bacillary suspension containing 0 6 to 0 9 rag of nitrogen was 
added to 1 0 ml of a weak serum or to 1 0 ml of a suitable dilution of a stronger scrum 
In measuring the suspension into the blank tubes and the sera great care must be taken 
to exclude bubbles from the pipette If this is done a Krogh pipette (9) may be used 


Using a refrigerating centrifuge manufactured by the International Equipment 
Co Boston 

* Manufactured b> Eh Lilly and Sons, Indianapolis 
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to advantage, particularly -when many analyses are to be run This pipette may be set 
at the desired volume which need not even be accurately known, since the pipette delivers 
exactly the same volume mto the blank tubes as into the analyses Much labor and eye 
stram may be avoided m this way 


TABLE n 

Aggluhmn Nitrogen Carried Down from Anh-Injluenza Type B Sera by Haemophilus 

influenzae Suspensions 


Horse 

sera 

Dilution 

Volume of dilu- 
tion used 

Influenza bacillus 
suspension 

N content of con- 
trol suspension 

N content of 
agglutinated 
suspension 

Difference 
(agglutinin N) 

9§g 

5 C8 <n 
d 

"Sd d 

Total agglutinin 

N 

Agglutinin N per 
ml of undiluted 
serum 



ml 


mg 

mg 

mg 

mg 

mg 

mg 

160 

1 5 

1 0 

Type B, FK 

0 760 

0 898 

0 138 

D 

■El 

0 70 


et 

1 0 

Unclassified, MK 

0 714 

0 736 


y 


0 10 

712 

1 1 

1 0 

(( it 

0 714 





0 20 

« 


0 so 

Type B, FK 

0 874 

0 944 




0 32 

Kabbit 










sera 










Pool a* 

Undil 

1 0 

(( « (f 

0 878 

1 004 

0 126 

B 

0 14 

0 14 

(( a 

(( 

1 0 

tt a it .j. 

0 642 




0 11 

0 11 

13-23i 

(( 

0 5 

<( <( u 

0 866 


0 254 


0 25 

0 50 

t( 

(( 

0 s 

tt tt tf 


HI 

0 232 


0 24 

0 48 

13-233 

3 10 

1 0 

“ " HK 



0 100 

0 094t 

>0 19 

>0 63 

« tf 

<r 

1 0 

“ " FK 


S3 

0 212 

0 020 

0 23 

0 77 

13-234 

“ 

1 0 

tt ft ft 



m 

m 

0 22 

0 73 

<C iC 

Undil 

1 0 

R stram, " 

Hi 

Hi 

B 

8 

wm 

0 08§ 


FK, HK, MK, denote organisms from plate cultures, killed by 0 5 per cent formalm, 
by heat, by 1 15,000 merthiolate, respectively 

Subnumerals after rabbit serum pool numbers indicate course numbers 
* Best commercial rabbit serum pool available at beginmng of work 
t From broth culture 
J 2nd and 3rd absorptions, mcomplete 

§ The supernatants from the R agglutinm estimation yielded 0 56 mg per ml type 
specific preapitm mtrogen 

In the case of an unknown serum prelimmary tests may be made rapidly to estabhsh 
the maximum amount that may be safely used with a given suspension If an appreci- 
able amount of agglutmm is present the bacilh, if not used m excessive quantity, clump 
rapidly, even at 0°, and the mixture may be centnfuged and the supernatant tested with 
more baalli hlost of the anal>ses recorded in the tables were earned out at 0°, with 
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thorough munng, and were allowed to stand in the icc box until the next day, when the 
tubes were centrifuged in the cold, carefully decanted as described m (6) and washed 
twice with chilled ^almc In general the supernatants from dupheates were combined 
before addition of a second measured charge of bacilli since the amount of nitrogen 
removed in this case was usually nil or \cr> small and much labor could be saved in this 
waj Indeed, unless the greatest accuracj is desired, analysis of the supernatants need 
not be completed if, after 48 hours in the cold with occasional mixing, the tubes show 
no greater sedimentation than the controls Not more than a few hundredths of a 
milligram of antibod> nitrogen can be present in the supernatant without causuig ynsibic 
agglutination {cf column 8, Table II) 

Espeaall) anal>zing supernatants it was often impossible to decant from the centn 
fuged baalh without loss into the new supernatants and it vras then neccssar> to 
centrifuge these «cparalcl> and wash the small amount of sedimented bacilli with the 
supernatants from the first and second washings of the mam portions, after which the 
two portions of baalh could be combined The blanks containing onl> bacilli and 
saline, could seldom be decanted without loss even though the last few drops of liquid 
were left m the tubes, and all supernatants and washings were therefore centrifuged 
again The quantitative agglutinin method proved applicable to rabbit plasmas as 
well as to sera 

In Table II arc given anal>ses of two different horse sera with a type B strain and an 
unclassified non speahe strain of influenza bacillus Serum 1 60 prepared by the Massa 
chusetts State Scrum Laboratories and obtained through the courtesy of Dr Lcro> D 
FothcrgiU of the Harvard University Medical School contained rnostl) ivpe specific 
antibody while scrum 712, prepared from old laborator> strains by the New \ ork City 
Department of Health, contained about one half as much anti type B agglutinin and 
twnce as much non specific agglutinin The rcmainmg analyses m the table illustrate 
the behavior of various pools of antisera from rabbits, one of which represents the best 
available commercially at the inception of this work As these studies progressed it 
was found possible to equal in rabbit sera the agglutinin content of the better of the two 
horse sera, and even higher titers were obtained in later bleedings, as will be noted below 
Results with an R strain arc given in the last line of the table, showing that relatively 
little of the antibody in the scrum pool tested was non speafic 

3 Preparation of Crude Specific Polysaccharide of Type B Influenza Bacillus— The 
existence of a type speafic polysacchandc was noted by Pittman (1) and Dingle and 
FothcrgiU (10) ha\ creccntly prepared thecarbohydratc from peptone free casein hydrol 
ysate cultures and desenbed its properties We arc greatly indebted to Dr Dingle for 
a sample of this product Since three times as much of our own pol> saccharide prepared 
from agar washings of type B culture, was required to preapitatc a given amount of 
antibody N it is concluded that our product consisted of at least two thirds soluble agar 
derivatives We shall therefore omit a detailed dcscnption of the vanous batches and 
give only the method of preparation, since the crude polysaccharide may be obtaine 
fairl> easily and is a convement reagent for the estimation of type specific prcapitm in 
both horse and rabbit anti influenza B sera 

8 to 12 hour growths of type B influenza bacillus on Levinthal agar plates were washed 
off with the minimum amount of salme and killed with 1 per cent phenol or 0 5 per cent 
formaldehyde After several days at room temperature the mixture was centrifuged 
and the yellowish supernatant treated with acetic aad to maximum turbidity The 
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resulting precipitate was centrifuged off in the cold, after which about 10 gm of sodium 
acetate per 100 ml was dissolved in the supernatant The solution was treated with 
5 to 10 volumes of alcohol and allowed to stand until the resulting fine precipitate had 
settled The sedimented matenal was packed in a centrifuge tube, washed with acetone, 
and dned mi vacuo When the residue was taken up in water considerable insoluble 
matenal remained, and this was centrifuged off The solution was reprecipitated and 
dned as above until little but water-soluble matenal remained At this point one or two 
shakings with chloroform and butyl alcohol (11) proved helpful in case the biuret reaction 
was still positive The water-soluble fraction was taken up in the rmnimum amount of 


TABLE in 


Aiiticarbohydrate {Precipthn) Nitrogen of Antt-Influenza Type B Sera 


Horse sera 

1 

Volume used 

Polysacchande 

Amount used 

Antibody N 
precipitated 

Antibody N 
precipitated 
per ml of 
serum 


g AgglutinmN 


ml 



mg 

mg 

mg 

ter cent 

160 

2 0 (1 5) 

Type B, broth 

0 5* 

0 30 

0 75 

107 

<C 

« « 

(( 

agar 

0 5 

0 39 

0 98 

140 

({ 

« « 

Agar (1 1000) 

0 3 

0 ISf 

0 38 

54 

I 60, agar supernatant 


Type B, agar 

0 s 

0 24 

0 60 

86 

Kabbit sera 









13-23i 

1 0 


(c a 

0 5 

0 33 

0 33 

66 

tt « 

1 0 

« 

“ broth 

0 IS 

0 26 

0 26 

52 

13-233 

2 0 (3 10) 

(( 

“ agar 

0 5 

0 34 

0 57 

74 

13-234 

0 5 

U 

“ broth 

0 05 

0 30 

0 60 

82 

“ “ supema- 









tant from R agglutma- 









tions 


(( 

(( (( 

0 18 

1 12 

0 56 

77 

I-II4 

0 5 

(( 

<( €( 

0 065 

0 53 

1 06 

98 


Subnumerals mdicate course numbers 
* Unnecessarily large excess 

t Deductmg blank for N precipitated under similar conditions from non-bacillary 
horse serum 

water and precipitated twice with glaaal aceUc acid This removed the phosphate which 
usually accompamed the polysacchande up to this point After reprecipitation with 
redistilled alcohol and washmg with redistilled acetone the product was dned m vacuo 
Stock solutions of 1 mg per ml were made up for the analyses 
A Qiianhiahie Eslimalion of Type Specific Anlicarbohydrate Precipitin in Type B 
Anti-Influenza Bacillus Sera — Analyses for anticarbohydrate precipitm were made 
according to (7) by addition of a slight excess of polysacchande solution to an accurately 
measured volume of diluted serum and estimation of the amount of nitrogen in the 
washed preapitate after 48 hours at 0°C In the case of the horse sera tested a consider- 

able excess of polysacchande could be used without causing inhibition of the precipitin 
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reaction, but the rabbit sera were much more sensitive, espcaall) ii^hcn the purer carbo- 
h> (Irate from the broth cultures vras used It was therefore necessar> to run preliminary 
experiments on 0 5 ml portions of rabbit scrum to determine the amount of polysac 
chande necessary to lea%c n small excess As precipitation m all but the weakest sen 
v-as quite rapid at room temperature these tests consumed little time and little serum 
The quantitative prcapitin method could be used for rabbit plasmas as well as for sera 
The data obtained arc summarized m Table III It will be noted that in the rabbit 
antisera the broth culture pol>saccbinde preapitatcd ncarl> as much antibody as did 
the agar product, and m one instance (Table III, I-II4) the precipitin content equalled 
the agglutinin content (r/ Table II) In the other sera the larger agglutinin content is 
prcsumabl> due to antiprotem which would also be removed b> the baalli The horse 
sera, honcter shoned an cnlircl} difTercnt beha\jor, and this is illustrated by the data 
on serum I 60 in the tables It is seen that the polj*sacchandc from the broth culture 


TABLE IV 


Ags^tiitmn Nitrogen Content oj Sera of Rabbits after Successive Courses of Haeinophlus 
injltien ae Tyfe B /njeettons 


RftljbU »erk 

Dilation 

\oIurae 

1 

dilutioo 

wed 

N eontcat 
of 

control 

tutr>en 

•loa 

K content 
at texlu- 
tlnateO 
•tupen 
lion 

DUJettoce 

Aiclutinia 

Nlo 

lUfieroa 
tant on 
3ed 

absorption 

Total 

(Itua K 

Axfiu 
Uoia N 
per ml of 
undiluted 
aemm 





mt 

"r 

wf 

Pit 

mt 

l-12j 

UndJ 


0 866 

1 158 

0 292 


0 30 

0 60 

1-1 It 





0 166 


0 IS 

0 60 

1-11, 



0 606 


0 232 


0 25 

0 83 

1-11, 

1 3 

05 



0 172 

0 007 

0 18 

1 08 

13-23, 

Undll 


0 866 

1 120 

0 254 

0 

0 25 

0 50 

13-23j 


1 0 




0 018 

0 23 

0 77 

13-23, 

( 


0 606 


0 212 


0 23 

0 77 

13-23| 




HI 


0 018 ^ 

0 22 

0 73 


Subnumcrals indicate course numbers 


precipitated an amount of antibody roughly equal to that found as agglutinin either 
with broth or agar grown suspensions The polysacchandc from agar cultures, how 
ever, precipitated an amount of anticarbohjdratc greatly m excess of the agglutinin 
nitrogen Parallel expenments with agar itself showed that horse serum I 60 contained 
0 38 mg per ml of protein nitrogen preapitable by agar and presumably formed m 
response to the antigenic stimulus of the traces of agar remaining on the agar growm 
bacilli used for the immunization (cf also Sordelh and Ma>er (12)) The supernatant 
from the agar precipitate in serum I 60 was treated with influenza B polysaccharide 
giving an additional 0 60 mg per ml of anticarbohydrate This, added to the amount 
precipitated by agar alone equaled 0 98 mg per ml the same quantity of nitrogen as 
was precipitated by the crude pol> saccharide from the agar cultures Influenza B pol> 
saccharide prepared from such cultures therefore contains much soluble agar and this 
IS also borne out by the relatively large amounts required for complete preapitation of 
the type specific antibody 
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BACTERIAL AGGLUTINATION V 


5 Punficahon of Anhbody tn Type B Anti-Influenza Rabbit Sera — In Table V are 
given data on the purification of rabbit antibody to B influenzae, type B, by the method 
recently published from this laboratory for antipneumococcus sera (13) The sera are 
allowed to stand in the cold, centrifuged, and diluted with several volumes of water 
The total globulin is then precipitated by addition of an equal volume of sodium sulfate 
solution, saturated at 35~38°C All water, matenals, etc , are specially sterilized for 
intravenous injection and the precipitated globulin is collected stenlely m a Sharpies 
supercentnfuge, dissolved in water and saline, centrifuged from any remaining particles, 
and filtered through a Chamberland L2 filter The solution is finally warmed to 60° 
for one-half hour as was recommended by Goodner, Horsfall, and Dubos for processed 
antipneumococcus rabbit sera (14) From the agglutimn content of the ongmal serum 
pools and the resulting globulm solutions it is evident that substantially all of the anti- 
body present is recovered m this method Since any analytical error is multiplied 
several hundredfold in calculatmg the total antibody content in several hundred mdh- 


TABLE V 

Data on Antibody Globulin Prepared for Therapeutic Use from Anti-Eaemophilus 
influenzae, Type B Rabbit Sera 




Agglu- 
tinm N 
content 

Prec^itin 

content 

Recovered antibody globulm 

Volume 
of recov 
ered 
globulin 



Prepara- 

tion 

Volume 

Total N 

Agglu^ 

timnN 

Precipi- 

UnN 

Agglu- 
timn N 

Apglu- 

tinin 

recovery 

Precipi- 

tin 

recovery 


1 of rabbit serum pool used 

Total N 
X 100 

c 

D 

E 

ml 

170 

400 

380 

mi 

31 

252 

137 

mg 

17 

mg per 
ml 

2 92 

3 38 

1 

mg per 
ml 

0 20 

0 48 

0 48 

mg per 
ml 

0 08 

0 30 

per cent 

16 

14 

ml 

135 

510 

305 

per cent 

87 

97 

107 

per cent 

65 


liters of serum, and, in addition, the total serum and antibody solution volumes were 
only approximately measured, it is clear that the figures nught fluctuate rather widely 
around 100 per cent 


DISCUSSION 

The data summarized in the tables illustrate the apphcation of quanti- 
tative, absolute methods of agglutinm and preapitm analysis to horse and 
rabbit antisera to E influenzae, type B Table I presents m outhne an 
immunization procedure that has led to the production of sera of greatly 
improved antibody content In Table II it is shown how total agglutimn 
may be determined with formahn-kiUed suspensions of the homologous 
str ain m the mucoid phase and how group agglutimns may be estimated 
with heterologous or R strams It is also shown m this table and m Table 
rV how, once the actual antibody content of the rabbit sera ongmally on 
hand was known, it was possible to mcrease the agglutinm and preapitm 
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content fi\ c to ten times bj impro\ ed methods of immunization and frequent 
anal\tiail control llie sera now being obtained with a content of 1 mg 
of antibodj nitrogen per ml compare quite fa\orabl\ wnth average rabbit 
antipneumococciis sera In the anti influenza sen, also, tlic principal 
antibodj present is anticarbohtdratc, just as in the tj^ie spcafic anti 
pneumococcus sera Whether or not the diief protective antibodj is 
anticarboln drate is less clear than m the case of the antipneumococcus 
sera, but it is hoped that studies now m progress will answer this question 

0/ the various tjpe B (Af, Dawson (15)) suspensions used the formalin 
killed pro\ ed most satisfactorj , and these absorbed approvunately the same 
amount of antibody from the sera whether the baalh originated from broth 
or agar cultures Optimal conditions for capsule formation (6 hours’ 
growth on Levintlial agar) favored the removal of anticarbohj drate from 
the sera hlicroscopic examination showed that much of the capsular 
material was lost when young cultures were killed by heat, and such sus 
pensions faded to remove agglutinins completely when added to sera in 
amounts comparable to tliose of tlic formalin killed suspensions which 
absorbed the sera completely in a single agglutination 

Table HI summarizes the prcapitm content of a smglo horse serum and 
of a number of rabbit sera Very much less spcafic polysaccharide prepared 
from broth cultures was required to preapitate the antibody than was 
needed of samples prepared from agar cultures, so that it is evndent that 
the latter preparations were grossly contaminated with soluble agar denva 
tivcs< The total amount of antibody precipitable with the preparations 
from the two sources was almost the same in the case of Uie rabbit anPsera, 
but in a horse serum (Table III) the antibody preapitated by the broth 
polysaccharide agreed quite well with the agglutinin value, while far more 
nitrogen was precipitated by the carbohydrate from the agar cultures 
That the excess consisted of anti agar, as noted in other instances by 
Sordelh and Mayer (12), was shown by the far larger amount of nitrogen 
precipitated from the serum by dilute agar solution than was thrown down 
by the same agar solution from the serum of another horse which had been 
injected solely with a protein After absorption with agar the anti mflu 
enza horse serum still showed an almost undimimshed content of type B 
anPearbohydrate nitrogen Possibly the slight excess of preapitm over 
agglutinin shown by the broth polysacchande might be traced to anpgemc 
broth components remaming m the preparaPon 

* The complicated procedures necessary for the elimination of such impunties are well 
illustrated in a recent paper by Miles and Pine (16) on brucella anpgens 
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Wliile the anti-influenza type B rabbit sera contained httle anti-agar the 
proportion of anticarbohydrate preapitm to total antibody (agglutinin) 
appeared to vary rather widely In general at least three-quarters of the 
antibody was accounted for as anticarbohydrate, and presumably the 
remainder consisted of antibodies to the somatic components of the bacillus 

Table IV shows the results of serial courses of immumzation of two 
groups of rabbits (12 each, at the start) The details of the immunization 
procedure are given in section 1 of the experimental part and in Table I 
Smce most of the serum obtamed was needed for therapeutic purposes the 
sera of individual animals were not analyzed It appears, however, from 
the successive values obtained m the two groups, that the injection of 
massive amounts of type B orgamsms in the M phase offers httle advantage 
over the use of more moderate amounts, as practised m the case of rabbits 
1 to 12 However, the experiments must be repeated before a defimte 
conclusion may be drawn 

From Table V it wiU be noted that substantially aU the antibody in the 
rabbit sera may be recovered m the total globuhn accordmg to the simple 
procedure given in reference 13 Antibody prepared in this way has been 
repeatedly admimstered mtravenously with no disturbing reactions It 
would, however, doubtless be advisable to remove the sodium sulfate 
present by dialysis before intrathecal injections were attempted 

SUMMARY 

1 The quantitative, absolute methods of agglutinin and preapitm 
analysis previously developed for antipneumococcus sera have been shown 
to be apphcable to horse and rabbit anti-mfluenza type B sera and plasmas 

2 With the aid of these methods and improved immunization schedules 
the antibody content of the rabbit sera has been mcreased five to ten times 

3 The method recommended for the purification of rabbit antipneumo- 
coccus antibody has also been found apphcable to rabbit anti-mfluenza 
type B sera 
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New 1 ctrk) 

PtATE 1 

(Received for publication, September 23, 1939) 

Previous tvork has shotvn that the administration of as little as 1 gm of 
sulfanilamide by mouth will completely eradicate both acute and chrome 
Plasmodium knosilesi infections m rhesus monkc>s (1) The evidence of 
cure in these cases was (a) the permanent disappearance of parasites from 
the circulating blood, (6) the failure to reproduce the infection in normal 
monkejs b> the subinoculation of fresh blood from treated animals, (c) 
the failure of treated monkejs to relapse following splenectomy, and (d) 
the successful reinfection of treated monkej s with the homologous parasite 
These findings were of special interest because untreated P knmlesi malaria 
m monkeys is an infection that is almost mvanably fatal, and in this respect 
It represents one of the most virulent malaria mfections in either human 
bemgs or experimental animals 

On the other hand, it has been the c.xpcnence in this laboratory, as well 
as of most other workers, that sulfanilamide is an mferior therapeutic 
agent in human malaria (2-4) The drug has also failed to exert any 
demonstrable mflucnce, even with excessive doses, in canaries and chicks 
infected with Plasmodium catliemcriiim and Plasmodium lophurae, re- 
spectively (5) 

From the above mentioned findings it has been impossible to detenmne 
whether the activity of the drug vaned from host to host, or whether it 
exerted its influence according to the speaes of plasmodium encountered 
In order to elucidate this point, additional studies on the acton of sul 
famlamide on two plasmodial mfections m a common host and on the effect 
of the drug on the metabohsm of the parasites in inlro are here reported 

Materials 

The host used was the rhesus monkey and the two speaes of parasites employed were 
Plasmodium knoivlesi and Plasmodium itiui (6) 
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The minimal infective dose for P knowlest is probably between one and ten parasites 
(7), and since there are no known insect vectors, infected blood was used for the inocu- 
lations Infections thus established, unless interrupted early with antimalana drugs, 
usually terminate in the death of the animal At the time of death 50 per cent or more 
of the red blood cells contam parasites, and there is a profound anemia 

P tnui produces a moderately severe infection following the injection of infected 
blood The parasite density at the height of the acute disease rarely exceeds 15 per cent 
of the normal red blood cells, and the acute attack usually subsides spontaneously into a 
chronic infection of indefinite duration 

Mixed infections in monkeys to be used for treatment were produced b> injecting 
viable P knowlest parasites into monkeys with chronic P inm infections Mixed infec- 
tions in the controls were obtained in three ways (o) the simultaneous injection of the 
tw o parasites, (6) supennfection of monkeys harbonng P tnui infections with P knowlest 
parasites, and (c) supennfection of monkeys with chronic P knowlest infections with 
P iMKi parasites 

For treatment of the infected monkey sulfanilamide (para-amido-benzene sulfon- 
amide) was used, and the drug was always given by mouth in 1 gm doses 

Effect of Sulfamlaimde on Stmple P knowlest and P tnm Infechofis 

The dramatic manner m which sulfanilamide effects a cure of P knowlest 
mfections m rhesus monkeys was briefly summarized above 

Expertmenl 1 — In order to test its effect agamst P tnut infections, monkeys 1, 2, and 
3 were injected and treated as shown in Table I Normal monkeys 1 and 2 were each 
inoculated intra-abdominally with 1 cc of parasitized fresh blood Daily blood smear 
examinations revealed typical parasites in both monkeys by the 6th day Monkey 1 was 
then given three daily 1 gm doses of sulfanilamide by mouth, while monkey 2 was kept 
as an untreated control During the first 48 hours of the period of treatment of monkey 
1 there was a slow increase in the parasite count This was followed by a gradual 
decline to a point where plasmodia were absent from the smears This picture per- 
sisted for approximately 2 weeks, when the parasites reappeared and steadily mcreased 
in number Monkey 2, the untreated control, had a typical P mm infection with the 
peak of the acute attack occurnng on the 14th day 6 weeks later, with both animals 
having identical parasite counts, monkeys 1 and 2 w'ere each given three daily 1 gm 
doses of sulfanilamide, this being the second course of treatment for monkey 1 and the 
first for monkey 2 Again there was a temporary reduction m circulating parasites in 
both monkeys, and smears were never negative for more than a few days at a time 
Monkej 3, used to repeat the expenment, had a chronic P tnm infection of 3 months’ 
duration Its parasite count was 15* at the time when sulfanilamide was first given 
Three daily 1 gm doses produced no significant effect on the parasite density until 48 
hours after the third dose, when there was a diimnution For 3 weeks the daily smears 
showed onlj an occasional parasite from time to time, and the count then returned to its 
pretreatment level 


* Parasite counts given m this paper refer to the number of parasitized cells per 
10,000 red cells 
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The outcome of these results is seen in Table I It -nas observed that 
sulfanilamide everted onlj a temporar} influence on P tnut in r/icsiis 
monkejs, regardless of whether the) were treated during the acute, sub- 
acute, or chronic stages of tlie disease This was true even wath dosage 
in excess of the amount found neccssarj to eradicate the more virulent 
P kaou’Icst infections in the same species of monkey 

LJfccl of Sulfamlamtdc tn Mixed Infections 

To obviate the influence of such factors as individual host vanation, 
differences in the composition of the drug used on different days, and 
vanations in the number and stage of parasites m the inoculum, an attempt 
was made to demonstrate the selective activity of sulfanilamide in mixed 
mfections m the same experimental animal One should thus have a 
better opportunity to observe the effects directly or mdirectly on the para- 
site Itself 

Expemrent Z — Monkejs 4 and 5, 'honn in Table I, were suffenng with chronic P 
inni infection and each was supcnntcctcd with 10 000 P knowUsi parasites When the 
total parasite count of monkcj 4 had increased from 16 to 160, and both species of para 
site were identified in the smears from morphological charactcnstics, the animal was 
given a 1 gm dose of sulfanilamide by mouth On the 3rd daj following treatment 
parasites completely disappeared from the circulating blood Dunng this interval 
there was marked phagocytosis of malaria parasites bj the circulating macrophages, as 
shown in Tigs 1 A and 1 H, some of which contained as manj as ten parasitiaed red 
cells Parasites did not reappear until 27 days after treatment when they were identi 
fied as P tout morphologic^b This fact was confirmed b> subinoculation into a 
normal monkey, which developed a tjpical chronic P iniii infection from monkey 4 
Wonkev S remained untreated until the parasite count was 2,880 and the red count was 
2,100 000 The infection was predominantly P kiwukst although there were also 
present some of the P turn variety At this point monke> 5 was so cntically ill that it 
was transfused with 50 cc of citratcd normal monl c> blood before being given 1 gm of 
sulfanilamide by mouth On the following day about half the cells were parasitized 
(count 4,530), and a second transfusion of 40 cc of normal blood was given along with 
2 gm of the drug The parasite count dropped to 46 within 24 hours and was zero in 
48 hours During this penod there was great activity of circulating macrophages m the 
phagocytosis of infected cells as shown m Tig 1 A and 1 B Parasites outside the maero- 
phages appeared distorted and w ere poorly stained Thereafter there w as an absence of 
parasites tor 34 day s and when they reappeared they were identified morphologically 
as P mm This identification was confirmed os with monl ey 4, by subinoculation of 
blood into a normal monkey, and a resultant simple P mm infection 

The results seen m Table I showed that sulfanilamide, either directly 
or indirectly, had the ability to remove a virulent plasmodial infection 
and was practically without influence on the milder P tnui infection in 
the same experimental animal 
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TABLE I 

Results of Sulfanilamide Therapy on Simple P inui and Mixed P knoivlesi and P inui 
Malaria Infections in RJiesus Monkeys and Untreated Controls 


History of previous 
infection 


Treatment with 
sulfanilamide 


Kind 

Dura- 

tion 

Parasite used 
for 

inoculation 

Time 
after last 
inocula- 
tion at 
begin- 
ning of 
treat- 
ment 

Parasite 
count at 
begin 
ning of 
treat- 
ment 

Results 


Treated P tnut Infections 


■ 


days 


days 



1 

Normal monkey' 

' 

P tnut 

5 

49* 

+ 

+ 

Temporary suppression of infec- 
tion 

2 

Normal monkeyj 

— 

P tnut 

49 

12 

Temporary suppression of mfec- 
tion 

3 

P inut 

1 

1 

\ 

i 

, 64 

32 

Temporary suppression of mfec- 
tion 


Treated Mixed Infections 


4 

P tnut 

1 

no 

j 

P knowlest 

14 

160 

Disappearance of P knowlest and 
temporary suppression of P 
tnut 

5 

P tnut 

115 

P knowlest 

10 

2,880 

Disappearance of P knowlest and 
temporary suppression of P 
tnut 

1 


Untreated Mixed Infections (Controk) 


6 

P tnut j 

68 

P knowlest 

— 

— 

Died llth day of P knowlest m- 
fection 

7 

P tnut 

75 

P knowlest 

— 

* 

Died 7th day of P knowlest m- 
fection 

8 

P knowlest 

100 

P tnut 

— 

— 

Typical P mfection 

9 

P knowlest 

115 

P tnut 

— 

— 

Typical P tnut mfection 

10 

Normal monkey 

— 

P knottiest 
andP tnut 

— 

— 

Died 13th day of P knowlest 
infection 

11 

Normal monkey 


P knowlest 
andP tnut 



Died llth day of P knottiest 
mfection 


* Same monkey treated tv\ ice v. ith sulfanilamide 
+ mdicates less than one parasite per 10,000 r b c 


Effect of Mixed Plasmodtal Infection in Untreated Monkeys 

In order to demonstrate that the drug was responsible for the disappear- 
ance of the more virulent parasite and not an antagonistic effect m mixed 
infections, monkeys were mfected with both types of parasites and their 
mfections allowed to go untreated 
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Experiment 3 —The details and results of this experunent arc summarised in Table I 
Monkejs 6 and 7 with chronic P wm infections of 68 and 75 da>s’ duration were inocu 
lated with 10,000 P ktioxeksi parasites Both monktys show cd the presence of a mixed 
infection on the 5th day after inoculation and died on the 11th and 7th days, respec 
lively Jfonkeys 8 and 9 with chronic P hioulesi infections established by quinme 
some months prcviouslv , were similarly infected with viable P vim parasites In both 
instances the inoculated monl cys expcncnccd a typical mild P mut infection Normal 
monkeys 10 and 11 were cadi inoculated with a mixture of 10000,000 P tnm and 
10 000 P knowtesi parasites Both monkeys had mixed infections on the 7th day and 
died on the 13th and 11th da\ respectively, the P knowlui parasites having multiplied 
at their usual rate overshadowing the mild infections 

The results of these controls, summarized m Table I, show that m un- 
trcitcd mixed infections there is no evidence of an antagomstic effect 
between the two plasraodia 

The EJfcct of Sul/antlamtdc on the Metabolism of the Parasites in Vitro 

The difference m the reaction of plasmodial infections to sulfanilamide 
m a common host wns taken as evidence that the drug acted directly on 
the parasite independently of the host An attempt was made to find 
whether the same difference would make itself manifest when sulfanilamide 
wais added to the parasites in vitro This was done by testing the effect 
of sulfanilamide on the respiration of the two parasites in a Warburg 
manometer 

The parasites were obtained by bleeding monkcyswith well advanced infections In 
order (o obtain P tttm infections that were comparable in intensity to P kiiaxclesi, it 
was necessary to use splencclomixcd monkeys Hepanmzed infected blood was cen 
tnfuged and the brown parasite substance, which has a low er density', was removed from 
the top lay er of the cellular matcnal This was then resuspended m the same monkey’s 
serum m the ratio of one part of parasites to three parts of serum The number of 
reticulocytes and Icukocy tes m the mixture was below' the concentration at which their 
metabolism could interfere with the results The system used was essentially that of 
Christophers and Fulton (8), with the exception that glucose was added to the medium 
The sulfanilamide was put in a side arm with Ringer solution at the end of a 30 minute 
control run To absorb the COi produced, 0 3 cc of 40 per cent KOH was put in the 
center cup Glycoly sis was run in the same medium with NaHCOj added 

The results as shown in Text fig 1 are based on 100 miUion parasites, 
and it was found that the oxygen consumption for P knowlest was ap 


The determinations on the metabolic rate of the parasites were done by Mr Charles 
Kensier through the courtesy and in the laboratories of Dr C P Rhoads at The Rocke- 
feller Institute for Medical Research 
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proxiinately six tunes greater than for the same number of P parasites 
Although the concentration of sulfanilamide (20 mg in system) was ap- 
proximately one-third that used to cure a monkey, there was a marked 
paralyzing effect on the respiration of the parasite With 10 mg of sulf- 
anilamide the effect was definite, but to a less degree There was no ob- 
servable effect on the P twit parasites by the same concentrations of the 
drug The anaerobic CO 2 production of both parasites was unaffected 
by sulfanilamide The r q of P hioivlest, confirmmg Christophers and 
Fulton (8), and of P tniit was found to be shghtly less than one 
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Text-Fig 1 Influence of sulfanilamide on the rate of oxygen consumption of P 
knowlesi and P tmn parasitized red cells tn vitro 


Effect of Sulfamlamtde against P knowlesi in Other Hosts 

The next pomt taken up was whether sulfamlamide is effective agamst 
the parasites regardless of the host Human volunteers with general 
paresis and resistant to therapeutic vivax malana were moculated with 
P knowlesi mfected blood and subsequently treated with the drug Al- 
though the infections were mild, they disappeared promptly after the 
admimstration of sulfanilanude, but the extremely variable character of 
untreated P knowlesi infections m man does not allow for more than in- 
ferential evidence of the action of the drug 

Two cynomolgos monkeys were inoculated with blood infected with 
P knowlesi, and m this mstance also the resultant infection m untreated 
controls was so nuld and transitory that no defimte conclusions can be 
drawn 
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SELECTIVE ACTION OE SULEANILAMIDE IN MALAIOA 


EXPLANATION OF PLATE 1 

Fig 1 A High percentage of parasitized red blood cells with untreated, mixed P 
knowlesi and P imn infections 

Fig 1 B Macrophages with phagocy ted infected red cells in blood from same monkey 
48 hours after sulfanilamide therapy 
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PERMEABILITY OF THE HUMAN PLACENTA TO 
i\NTinODIES*t 

A Q^A^T1TAT1VE Study 

By ALEXANDERS WIENER MD and I JEROME SttVERMAN MD 

(ErDm the Serolosical aiid BaetcTtological Laboratory of the Office of the Chief \fcdical 
Lxaminer^ and the Bellevue Llorpital Out Patient Department Laboratory of the 
Department of [lospitats of New I ork City, New York) 

(RcccAcd for publication October 5, 1939) 

A problem of some importance and one which soon attracted the atten 
lion of immunologists is the source of scrum antibodies during the neonatal 
period In early evpenments on \ irious animal species, some investigators 
(1-3) noted a passage of antibodies from mother to newborn through the 
placenta, while others (4, 5) reported the placenta to be impermeable to 
antibodies In cattle it was found that the antibodies of recently bom 
calves arc derived mainh from the colostrum (5) For example. Smith 
and Little (d) showed that as many as 75 to SO per cent of calves that failed 
to obtain colostrum by nursing succumbed to a generalized Bactllits colt 
septicemia 

To explain these contradictory findings, Kuttner and Ratner (7) suggested 
that there was a correlation between the anatomical structure of the pla 
centa and its permeability to antibodies According to their idea, the more 
dense the barrier between the circulations of mother and fetus the less trans 
mission of antibodies occurs In instances where there is no sigmficant 
placental transfer of antibodies, as m cattle, the colostrum plays the major 
rflle In general, the importance of the colostrum is inversely proportional 
to that of the placenta under the theory of Kuttner and Ratner For a 
more complete discussion of the passage of antibodies and heterologous 
proteins through the placenta, colostrum and milk, see Ratner ct al (8) 

In man, since the chorionic villi bathe in the maternal blood, it would 
be expected under the theory just enunciated that the placental transfer of 
antibodies w ould be the major source of antibodies for the newborn At 

* Aided by a grant from the Committee on Scientific Research of the Amencan 
Medical Association 

t With the techmeal assistance of Miss Eve Sonn 

21 



22 


PERMEABILITY OF HUMAN PLACENTA TO ANTIBODIES 


any rate, the common observation that infants artificial!)^ fed from birth 
thrive as well as breast-fed infants proves that the colostrum is not essential 
for their well being In this connection may be cited the observations of 
Kuttner and Ratner (7) on the antitoxm content of colostrum and cord 
blood 

For the investigation of the placental transfer of immune bodies in human 
beings various antibodies have been used In 1895, only a few )^ears after 
the announcement of the discovery of diphtheria antitoxin by von Behrmg 
and his associates, Fischl and von Wundschheim (9) demonstrated the pres- 
ence of diphtheria antitoxin in a large proportion of cord bloods Shortly 
thereafter, Schumacher (10) presented evidence for the passage through the 
human placenta of agglutinms for typhoid bacilli Halban and Landsteiner 
(1 1) made a comparative study of heterohemolysms, heterohemagglutinms 
and antitoxms in maternal and umbUical cord sera and found them always 
to exist in considerably smaller quantities m the cord sera Evidence has 
been adduced more recently for the passage of isoagglutmms through the 
placenta (12, 13) An unexplained observation, however, was that fre- 
quently isoagglutmms were lacLmg from cord blood even when the infant 
belonged to the same group as the mother It occurred to the present 
authors that the reason for this behavior might be found by makmg quanti- 
tative studies on the isoagglutmms m maternal and cord bloods More- 
over, by comparing the titers of a variety of antibodies it might be possible 
to estabhsh an “index of permeability” for the human placenta, or what 
might perhaps more properly be called a "coeflicient of distribution” of 
antibodies between mother and fetus 

Methods and Materials 

For the present studj the following antibodies were selected the isoagglutinins a 
and p, heteroagglutinins for rabbit and sheep blood and syphilitic reagin The titra- 
tions for the hemagglutinins were earned out in the usual vay in small test tubes by 
mixmg progress!! elj doubled dilutions of the serum bemg examined with equal volumes 
of the dilute test blood suspensions (14) The titrations of syphihtic reagm were made 
in a similar v.ay except that the tests were set up on paraffin-ringed shdes (IS) The 
test antigens used for titrating the syphilitic reagin nere the so called Kline diagnostic 
and exclusion antigens for heated serums Sample protocols are given in Table I For 
the sake of umformity , in this table the strengths of the agglutination reactions both 
for red cells and Kline antigen ha\ e been rated up to maximum of four plus, dependmg 
on the size of the clumps The titers v ere taken equal to the reciprocal of the highest 
dilution of serum still givmg a reaction visible to the naked eye (two plus or more) 

RESULTS 

In Table I it will be seen that the ratios (designated for convenience by 
the letter R) of the titers of the vanous antibodies in the maternal blood 
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PERMEABILITY OE HUMAN PLACENTA TO ANTIBODIES 


to the titers of the corresponding antibodies in the fetal blood vary between 
8 and 32 m the nine instances where a value for R could be obtained The 
experiments completed to date have yielded a total of 56 ratios including 
the nine listed m Table I, and m this entire senes the value for R has never 
fallen below 4 nor exceeded 32 One thmg of interest which became evident 
early m the study was that the variation of the value of R from one mdivid- 
ual to another was not significantly greater than the variation of R for 
different antibodies m the same individual 

It IS important to bear m mmd that the observed or apparent variation 
m the value of R must be considerably greater than the actual one on ac- 
count of the limitations of the technique Smce the dilutions of serum are 
progressively doubled, it is clear that the error must be close to 50 per cent, 
assummg that the results are as accurate as they possibly can be As a 
matter of fact the error is often greater, smce it is not unusual to find on 
repetition of titrations a difference of one tube 

It IS possible by making certain, assumptions to calculate the actual variations in the 
values of R from those observed Let us assume for example, that R has the constant 
value 12, and the error of the titration technique used is ^ of a serial dilution If the 
true titer of a parbcular antibody m the mother be set equal to \2x, then the titer of 
the corresponding antibody in the cord blood xvould be r In the tests, the titer of the 
maternal antibody might be found to he anywhere between 9x and ISr, whereas the 
observed antibody titer for cord blood would fall between fx and The observed 
value of R instead of being 12 could therefore have any value between 9x — and 
lS:i: — fa:, that is, betneen 6 and 24 Conversely, if R is found to vary between 6 
and 24 and it is known that the method has an error of ^ dilution, one nould have to 
conclude that R actually does not vary at all, its true value being probably equal to 12 

In the present study, as already mentioned, the calculated R’s ranged 
from 4 to 32, vhich closety approximates the range m the hypothetical case 
just described It is not unreasonable to conclude, therefore, that m human 
bemgs antibodies, at any rate those mvestigated here, are distnbuted at the 
time of birth so that the ratios of their titers m maternal and fetal bloods 
are relatively constant The true value of R lies somewhere between 8 and 
16 As additional evidence m support of these conclusions can be men- 
tioned some of our experiments w'hich revealed that the observed variations 
m the value of R m different mdividuals, or between different antibodies in 
the same mdmdual, were no greater than the vanable results obtained for 
the value of R for a particular antibody m a particular mother and child on 
repcatmg the titrations sev eral times 

It now becomes clear why m certam cases m which the mother and child 
belong to the same group isoagglutimns are not demonstrable in the cord 
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blood If the titer of the isoagglutmm in the mother’s blood is much less 
than 8, there inll not be enough isoagglutmm present in the cord blood to 
be delectable wnth the standard technique used However, that does not 
indicate the failure of placental transfer of the isoagglutmm For example, 
m one of our cases where the moUicr belonged to group A and child to 
group 0, the titrations set up in the usual waj (readings after 2 hours at 
room temperature) showed the titer of the /3 agglutmms m the maternal 
blood to be 4 and d agglutinins were apparent!} absent from the cord blood, 
but when the readings were taken after standing m the ice box overnight 
the respectiae titers were 8 and 1 The claims made b} some writers that 
the natural heteroagglutmins for sheep cells do not pass tlirough the pla- 
centa can easil} be answered in a similar w a} , since as indicated m Table I 
the titer of the agglutmms m the mother is usually considerably below 8 ' 

COMMENT 

It IS of interest to contrast the results obtained in a prevaous stud} by 
Wiener and Derby (17) witli those given above In attemptmg to ascertain 
whether syphilitic rcagm m the spinal fluid of paUents with ncurosyphilis 
is formed locally or deriv cd from the blood by filtration, parallel titrations 
were made of isoagglutmins and syphditic reagin m the blood and spmal 
fluid of such patients It was found that even when the titer of reagm m 
the spinal fluid equalled that of the blood and the titer of the isoagglutmm 
m the blood was much higher than that of the rcagm, no isoagglutmins 
could be demonstrated m the spinal fluid This mdicated that the reagin 
m spmal fluid is at least m large part formed locally On the other hand, 
the fact that the ratio of the rcagm titers of maternal to cord blood is equal 
to the value of the ratio, R, for other antibodies such as the isoagglutmms, 
mdicates that syphditic rcagm in umbdical cord blood, like other antibodies, 
IS denved from the maternal blood by filtration through the placenta 

A question of special mterest which is related to the present study is 
whether or not scnsitizmg bodies (the so called reagms of Coca) pass through 
the placenta m a similar fashion Accordmg to Coca (18), reagms differ 

’ In the present study the behavior oE bacterial agglutinins with regard to the pla 
centa was not studied, but it is reasonable to assume that it would be simdar to that 
of hemagglutinins No direct evidence in support of this assumption is available but 
It IS of interest to cite a remark found in a report by Toomey (16) on agglutinins for 
B coll m maternal and cord serum This author remarks that the maximum titer of 
these bacterial agglutinins m the maternal blood was 640 whereas for cord blood the 
maximum was 80 The value for R for agglutinins for B coh calculated from these 
maximum values would be 8, which agrees with that obtamed for the hemagglutimns 
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at tuned intervals between 0 and 50 per cent oxidation The tube is kept 
in a 30° bath and is mixed and vuped clean befoie each reading A final 
reading is taken after oxidation is complete ,ie, after an interval 3 oi 4 
times that required for 50 per cent oxidation If available, 5 jA of an 
active xanthine oxidase preparation aie added to complete the leaction 
in a few imnutes Care is taken that the working standard (quinine sul- 
fate m 0 1 N H 2 SO 4 ) does not change temperature over the experimental 
period 

If the change in fluorescence is not linear with time, the initial velocity 
IS calculated graphically (The rate may fall off, due to product inhibi- 
tion (4) ) 1 ml of substrate is 5 X 10~® mmole Thus, if 1 mg of hver 

caused a change m fluorescence of 1 galvanometer division per imnute and 
the change for 100 per cent oxidation was 80 divisions, the tissue enzyme 
activity would be 1/80 X 5 X 10“® X 60 X 10® = 3 75 mmoles per kilo 
per hour 

The Michaehs constant for xanthine oxidase with aimnohydroxypteri- 
dme is quite small, so that the enzyme is saturated throughout most of 
the course of the reaction (4) Theiefore, the time required to oxidize a 
given fraction of the substrate will vary with the substrate concentration 
The substrate level chosen is low enough to perimt a good percentage rate 
without requiring an amount of tissue that would produce marked tui- 
bidity and consequent quenching It is also low enough to prevent self- 
quenching On the other hand, the substrate level is high enough to pro- 
vide strong fluorescence and avoid troublesome optical blanks The 
procedure used and the method of calculation whereby each sample is its 
oivn standard automatically correct for possible quenching or contribution 
of fluorescence from the enzyme sample 

In comparison with methods based upon oxygen consumption, this pro- 
cedure does not suffer from difficulties arising from large endogenous blanks 
(5), and, m comparison with methods based on uric acid formation or 
disappearance of xanthine (6, 7), it is not complicated by tissue uncase 
Techmcally it is simple and rapid Because it is a fluorometric method, 
it IS more sensitive than other current procedures, m spite of the fact that 
the absolute rate of oxidation with the pterin substrate is only about a 
fifth of the rate ivith xanthine (4) 

Ammo Acid and Ghjcohc Acid Oxidases — ^The oxidases for D-aimno acids, 
L-ammo acids, glycine, and glycohc acid were all measured by similar 
spectrophotometnc procedures The keto acids formed from D-alamne, 
L-leucme, glycine, or glycohc acid were condensed with qmnolylhydrazine 
and measured in the Beckman spectrophotometer at 305 mju (8, 9) 

The activities fall dunng prolonged mcubation, particularly m riboflavin- 
deficient tissues This is probably due m part to dissociation of the 
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pi esthetic gioupsfiom the enzymes Analytical conditions weie therefore 
established which peimit shoit incubation peiiods to minimize this effect 
It IS believed that the lesult is a much closer approximation to the activity 
111 the oiigmal tissue than was possible with earlier methods The details 
will be published separately 


Results 

Normal Levels of Flavin Enzymes and Coenzymes — The FAD and FMN 
normal values are slightly lower, but m general agree mth earlier data (1) 
The very low levels of both coenzymes m brain are striking (Table I), and 
the high level of FMN in kidney and the low level m heart are particularly 
noteworthy None of the enzymes measured thus far in kidney account 
for a function of the high level of renal FMN 

Flavin enzyme levels differ greatly from tissue to tissue (Tables I to III) 
Liver and kidney have the highest levels of the enzymes measured and 
biain the lowest, while heart is intermediate n-Aimno acid oxidase is 
highest in kidney, with liver about one-tenth and both heart and brain 
about 100th as high L-Amino acid oxidase is 3 times as high in kidney 
as in liver Xanthine oxidase is too low to measure m rat brain, but in 
heart there is one-tenth as much as m hver Glycohc acid oxidase is 
relatively high in hvei (Table III), 100 times lower in kidney (not shown), 
and not measurable in other tissues In contrast, glycine oxidase is twice 
as high in kidney as in hver 

\ The absolute activity of DPNH dehydrogenase as measured ivith fern- 
cyamde is greater than that of any other flavin enzyme studied (Table II) 
Liver contains tivice as much DPNH dehydrogenase as either kidney or 
heart, and 10 times as much as biam The low value in brain is particu- 
larly surprising since the oxygen consumption of biain (0 08 mole or 0 32 
electron equivalent per kilo, wet weight, per hour (10)) is comparable to 
that of hver (0 07 mole or 0 28 election equivalent per kilo, vet weight, per 
hour (11)) This might be interpreted as indicative of some difference in 
electron transport in biain and hvei The DPNH dehydrogenase activity 
as measured m brain with ferncyamde is equivalent to about 3 times the 
oxygen consumption, whereas in hvei it is equivalent to 25 times the 
oxygen consumption Therefore, the DPNH dehydrogenase has enough 
capacity to handle the electron transport in biain, although there is much 
less margin of safety than in other tissues It is perhaps not surprising 
that DPNH dehydrogenase activities measured with different electron 
acceptors are not strictly proportional from tissue to tissue With cjdo- 
chrome c as acceptor, hver is 3 3-fold as active as kidnejq whereas v ith 
ferncyamde as acceptor it is only 1 8 times as active Differences m the 
activity of intermediate components betveen cjAiOchrome c and the de- 
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The average initial weight of each group was 60 gm and the average weight gain per rat per day was 1 7 gm for the deficient, 
1 8 for the weight control, 4 3 for the low riboflavin, and 6 0 for the high riboflavin groups Food intakes of 4 1, 3 4, and 2 1 gm pro- 
duced a weight gain of 1 gm in the deficient, weight control, low, and high riboflavin groups, respectively 
t The dye was 2,6-dichlorobenzenoneindo-3'-chlorophenol 
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hydiogenase might easily explain this discrepancy, since ferricyanide taps 
into the election tiansport chain below the point at which antimycin A is 
inhibitoiy (12) 

Effects of Deficiency, FMN, and FAD — The findings confirm and extend 


Table II 

Electron Transport Enzymes in Tissues of Rats Depleted of 
Riboflavin for 12 to 13 Weehs 


Each value is the average of several anabases from the tissues of four or five rats 
Enzyme activities are expressed as moles per kilo of wet weight per hour 


Tissue 

FMN 

FAD 

DP2m dehydrogenase measured with 
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Cytochrome c 
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y per gm 





Brain 


^ y per gm 




High riboflavin 

0 79 

2 27 

0 31 

0 19 

0 97 

S e m 

0 05 

0 11 

0 04 

0 02 

0 07 

Deficient 

0 42 

1 95 

0 29 

0 20 

0 81 

S e m 

0 13 

0 06 

0 01 

0 02 

0 03 

Liver 






High riboflavin 

4 00 

26 52 

4 63 

2 06 

7 43 

S e m 

0 53 

0 60 

0 33 

0 37 

0 44 

Deficient 

0 19 

8 03 

3 89 

2 21 

6 63 

S e m 

0 08 

0 25 

0 16 

0 22 

0 29 

Kidney 






High riboflavin 

15 25t 

20 65 

1 56 

0 92 

3 28 

S e m 

0 69 

0 69 

0 18 

0 11 

0 30 

Deficient 

2 76 

13 74 

1 51 

0 66 

2 85 

S e m 

0 48 

0 58 

0 13 

0 11 

0 10 

Heart 






High riboflavin 

1 68 

21 45 

1 40 

0 83 

4 16 

S e m 

0 31 

0 78 

0 14 

0 13 

0 14 

Deficient 

1 01 

7 41 

0 92 

0 64 

3 56 

S e m 

0 12 

0 31 

0 10 

0 09 

0 17 


S e m = the standard error of the mean 
* The dye was 2,6-dichlorobenzenoneindo-3'-chlorophenol 
t These are the results on three rats 


an earher report (1) Tissues differ a great deal in the rate and extent of 
fall in FAD and FMN levels FMN, in general, falls more rapidly than 
FAD (Table I, Fig 1) By 12 weeks (Table II) hepatic FMN has almost 
disappeared Curiously, cardiac FMN, which was initially lov , falls only 
by a thud even in severe deficiency Liver suffers the greatest loss m FAD 
(70 per cent), whereas brain FAD is dimimshed by only 15 per cent The 
mclusion of sufficient riboflavin m the diet to give 70 per cent maximal 
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Table III 

Regeneration of Flavin Enzymes in Depleted Rats after Administration of Riboflavin 

Each value is the average of duplicate analjses on the tissues of five or si\ rats 
Enzjune activities are expressed as millimoles per kilo per hour 



Weight 

of 

organ 


FMN + 
free 
nbo 
flavinf 

1 Enzyme activity 

Group* 

FAD 

Glycolic 

acid 

oxidase 

Glycine 

oxidaset 

D-Amino 

acid 

oxidase 

L- 

Amino 

acid 

oxidase 

Xan 

thine 

oxidase 


Liver 



gm 


y per 
gm 

7 per 
gm 









Deficient control 

3 

8 

10 

0 

0 

4 

17 

1 

7 

34 

4 

8 

2 

2 

S e m 

0 

2 

0 

5 

0 

1 

2 

0 

3 

IS 

0 

4 

0 

4 

After dose, 0 5 hr 

3 

3 

15 

1 

4 

8 

39 

2 

0 

no 

6 

4 

3 

3 

S e m 

0 

3 

0 

9 

0 

8 

6 

0 

6 

22 

0 

8 

0 

5 

2 hrs 

3 

7 

18 

9 

1 

5 

70 

3 

7 

90 

7 

0 

3 

1 

S e m 

0 

1 

0 

4 

0 

4 

9 

0 

3 

8 8 

0 

7 

0 

5 

6 hrs 

4 

0 

20 

3 

1 

1 

68 

4 

0 

63 

7 

6 

4 

4 

S e m 

0 

2 

0 

7 

0 

3 

6 

0 

5 

12 

0 

3 

0 

5 

24 hrs 

5 

0 

19 

1 

1 

4 

75 

5 

7 

127 

5 

6 

4 

8 

S e m 

0 

5 

0 

4 

0 

1 

5 

0 

3 

15 

0 

6 

0 

2 

Weight control 

2 

9 

28 

6 

2 

6 

121 

6 

7 

175 

6 

6 

4 

3 

S e m 

0 

2 

1 

5 

0 

2 

14 

0 

4 

17 

0 

6 

0 

2 

High riboflavin 

9 

8 

26 

2 

3 

6 

226 

8 

1 

198 

7 

1 

6 

0 

S e m 

0 

8 

0 

6 

0 

1 

20 

0 

4 

11 

0 

7 

0 

2 


Kidney 



Vig 







Deficient control 

333 

16 3 

4 9 


11 4 

1271 

11 4 

S e m 

8 

0 5 

0 9 


1 5 

106 

1 3 

After dose 0 5 hr 

331 

17 5 

13 7 


14 2 

1532 

12 4 

S e m 

12 

0 6 

1 9 


1 2 

115 

0 9 

2 hrs 

338 

18 9 

66 


11 2 

1436 

13 3 

S e m 

17 

0 4 

0 6 


1 4 

96 

1 0 

6 hrs 

356 

17 9 

5 2 


13 5 

1309 

12 6 

S e m 

14 

0 7 

0 7 


1 6 

91 

1 1 

24 hrs 

366 

19 1 

7 8 


13 1 

1626 

14 0 

S e m 

30 

0 4 

0 4 


1 6 

123 

0 8 

Weight control 

317 

21 2 

7 7 


11 0 

1589 

12 7 

S e m 

14 

0 4 

0 5 


1 6 

115 

0 7 

High riboflavin 

784 

20 0 

14 9 


17 5 

2155 

22 8 

S em 

52 

0 6 

0 6 


1 0 

123 

1 2 


1 73 
0 02 
1 77 

0 04 

1 74 

0 07 

1 81 
0 02 

2 01 
0 03 
2 41 
0 1 
2 69 
0 08 
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Table III — Concluded 

Sera = the standard error of the mean 

* The average initial v eights of the deficient, v eight control, and high riboflavin 
groups V ere 44, 43, and 45 gni , respectively, the gains in weight per rat per day were 
0 79, 0 81, and 4 79 gm , and the food consumed per gm of weight gain was 5 4, 4 8 , 
and 3 0 

t Duplicate determinations for free riboflavin on tissues from one rat of each group 
shou ed that a large amount of free riboflavin v as present in liver after 0 5 hour, 
3 69 7 per gm , 2 hours, 0 66 , and 6 hours, 0 65, in kidney, after 0 5 hour, 787 per 
gm , 2 hours, 0 54, and 6 hours, 0 92 

t Glycine o\idase samples were incubated at pH 8 3, which is below the optimum 

growth gave tissue coenzyme levels at 23 days which were but httle higher 
than those of completely deficient animals (Table I) More total flavin 
was present, of course, because of the larger size Weight control ammals 
had sigmficantly lower FMN levels in hver, kidney, and heart than the 
controls on a full diet, although there was no appreciable difference in FAD 
(Tables I and III) 

Protein — Differences observed in tissue enzyme or coenzjone levels were 
uncomphcated by changes in protein concentrations, since changes of 
sigmficance were not observed among the various experimental groups 
(Table I) 

Enzymes — DPNH dehydrogenase activities were remarkably stable in 
spite of prolonged omission of riboflavin fiom the diet At 3 weeks none 
of the deficient tissues tested was demonstrably lower in this enzyme activ- 
ity Restriction of food mtake was also without demonstrable effect By 
12 weeks a shght faU in tissue levels was apparent, particularly when 
measured with ferricyamde as electron acceptor This acceptor would be 
expected to measure most nearly the DPNH dehydrogenase itself, rather 
than intermediate hnks m the electron transport chain (12) Not aU of 
the differences were statistically sigmficant, but as a whole a trend dovm- 
ward IS unmistakable 

Aftei 23 days depletion, the xanthine oxidase level of nboflavm-deficient 
hver had dropped to 63 per cent of that of the weight control, but other 
tissues failed to show any sigmficant change (Table I) Since prenous 
investigators (13), using manometric techniques and other methods of 
measurement, have reported that the xanthine oxidase of hver falls to 25 
per cent or less in riboflavin depletion, longer depletion periods v ere in- 
duced After 6 and 12 to 13 weeks Avithout riboflavin, the hepatic xan- 
thine oxidase was 35 per cent of that m litter mate contiols (Fig 1, Table 
III) Renal xanthine oxidase iias less affected (Table III) 

Hepatic D-O 7 /WR 0 acid oxidase of rats on a deficient diet 23 days fell to 
34 per cent of the v eight control ammals, but the lenal enzyme dropped 
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to only 80 per cent In the partially deficient groups, a similar discrepancy 
between the changes in hepatic and lenal D-amino acid ovidase occuired 
Further depletion for nearly 8 weeks resulted in a hepatic level 20 per cent 
of that of well nourished animals 

Hepatic glycohc aczd oxidase activity declined to 10 per cent of normal 
by 6 weeks of depletion, and only 1 or 2 pei cent was left after 12 weeks 
After 6 weeks depletion 20 per cent of the initial glycine oxidase and 70 
per cent of jj-amino acid oxidase remained in hver In kidney, neither of 

DAYS OF DEPLETION 


0 20 40 60 80 



HOURS AFTER RIBOFLAVIN 


Fig 1 Depletion of hepatic enzymes and coenzymes during riboflavin deficiency 
and regeneration after injection of riboflavin The values are all expressed as per 
cent of those found with a high riboflavin diet The enzymes represented are DPNH 
dehydrogenase measured with cytochrome c (DPNH-Dehyd ) , xanthine oxidase 
(Xan Ox ) , D-ammo acid oxidase (n-AAO) , and glycohc acid oxidase (Glyc Ox ) 
The regeneration data are calculated from Table III 

these last two enzymes was demonstrably lower after 6 weeks of deficiency 
than after a hke penod of lestncted food intake (Table III) 

Weight control ammals expenenced some loss in enzyme activity in 
comparison to the high riboflavin gioup (Tables I and III) DPNH 
dehydrogenase remained the same in both groups, but other enzymes were 
lower in weight controls For example, m hver after 7 weeks n-ammo acid 
oxidase was 88, L-armno acid oxidase 93, glycine oxidase 83, xanthine oxi- 
dase 72, and glycohc acid oxidase 53 per cent of the high riboflavin group 
The effect of food and protein restnction m depressing xanthine oxidase 
has been lepeatedly observed by others Glycohc acid oxidase has been 
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shown to be even moie sensitive to protein restiiction ^ In the kidney, 
food lestriction had almost as great an effect on the three ammo acid oxi- 
dases measuied as did iiboflavin deficiency Conceivably, these changes 
leflect the deciease in substrates that would result from the levered pio- 
tem intake The decrease m ceitam enzyme activities vnth food lestriction 
IS mirroied by a deciease in FMN but not m FAD (Tables I and III) 

RcalimcntaUon —Rates of regeneration of the coenzymes and several 
flaAun enzymes m depleted rats were measured, follovnng a dose of 600 7 
of riboflavin (Table III) The FAD increased rapidly, so that within 2 
hours it w'as back to twm-thirds of the control levels m hver and 95 per cent 
of normal m kidney FMN is slow^ei to recover m both hver and kidney 
The high level of FMN plus free riboflavin at the 30 minute interval rep- 
resents an unusual situation in ivluch hver and kidney have a large amount 
of free nboflavin The content of free riboflavin m the tissues is normally 
very loiv By 6 hours after injection the free nboflawn had nrtuallj'’ 
disappeared, and, after 24 hours, FMN w^as still only 50 per cent or less 
of noimal 

Hepatic glycolic acid oxidase exhibited a rapid rise, doubhng m 30 min- 
utes and again m 2 hours, after ivhich it remained almost stationary for 
the next two periods at about 60 per cent of the weight contiol level and 
only about one-third of the high nboflann level FMN, the coenzyme of 
glycohc acid oxidase, after 24 hours, was hkemse onlj'^ about a third of the 
level m the high riboflavin group 

Hepatic D-amino acid oxidase increased rapidly in 30 minutes but de- 
creased in the later intervals, possibly owing to a shift of the FAD to other 
enzymes At the 24 hour period, due to a second injection of iiboflann 
at 12 hours, the level rose to 70 per cent of the w^eight control Glycine 
oxidase showed an increase almost to the weight control level by 24 hours 
Hepatic xanthine oxidase returned to the w’^eight control level wathm 6 hours 
and to 80 per cent of the high riboflavin level in 24 hours Xanthine oxi- 
dase followed closely the FAD rise (Fig 1) 

Changes in the kidney enzymes were less dramatic since the imtial de- 
creases w^ere less than in hver n-Amino acid oxidase, w^hich had fallen to 
only 50 per cent of the control level, returned to 70 per cent at the 30 min- 
ute interval Little additional change occurred at 24 hours Glycine 
oxidase, L-ammo acid oxidase, and xanthine oxidase show ed a slow'^ increase 
during 24 hours 

Livers and kidneys of w^eight control rats w^ere smaller than those of 
depleted ammals of equal body w^eight This finding suggests utilization 
of the hmited food available to weight control ammals for building other 

^ Data of E. A Pesch and J H Clark, now partially published (/ Pharmacol 
and Exp Therap , 117, 202 (1956), Proc Soc Exp Biol and Med , 91, 510 (1956)) 
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tissues at the expense of these organs The hver of deficient animals 
veighed piogressively more follovnng the injection of nboflaiun, until, at 
the 24 hour interval, the aveiage weight was 30 per cent above that of the 
deficient group Since the protein concentration did not change signifi- 
cantlj’", the increase is due to giowth of hver tissue The total quantit}'- of 
the enzymes in the vhole hvei, theiefore, inci eased more than is revealed 
by the actiiuty per unit weight 

Enzyme Regeneration in Vitro — ^Addition of FMN to deficient rat hver 
homogenates during enzyme assay resulted in an increase in the observed 

Table IV 

Effect of Coenzyme Addition during Measurement of n-Amino 
Acid or Glycolic Acid Oxidase 

Each value is the average of several analyses from the tissues of four or five rats 
Activities are expressed as millimoles per kilo per hour 


1 

Glycolic acid oxidase 

D-Anuno acid oxidase 

Addition* 

Liver 

Liver 

Kidney 


None 

Ribo- 

flavin 

FMN 

FAD 

None 

FAD 

None 

FAD 

High riboflavin 

225 

224 

235 

242 

135 

154 

1543 

1711 

S e m 

12 3 

11 0 

12 7 

14 0 

10 

14 

51 

43 

Deficient, 7 wks 

6 

7 1 

27 

17 

17 4 

24 8 

1147 

1227 

S e m 

1 7 

1 3 

2 5 

1 5 

2 0 

2 4 

70 

105 

Deficient, 9-13 wks 

3 

3 

17 

12 





S e m 

0 7 

0 9 

1 5 

1 5 






S e m = the standard error of the mean 

* 6 7 of riboflavin per ml of substrate or equimolar amounts of FMN or FAD 
were added for the glycolic acid oxidase measurements 3 2 7 of FAD per ml were 
added for the n-amino acid oxidase 

activity of glycolic acid oxidase (Table IV), indicating the presence of a 
certain amount of apoenzyme However, even vuth FMN addition the 
activity was far below noimal The activity was only a little greater if 
homogenates were preincubated with FMN, even for long periods, piior 
to enzyme assay The values found indicate that, after 9 to 13 weeks of 
depletion, less than 2 pei cent of the original enzyme is present in active 
form and only 6 per cent is present as the apoenzyme Thus 92 per cent 
of the original enzyme is no longer demonstiable Added riboflavin did 
not increase the activity of glycohc acid oxidase The activity of FAX) is 
attiibuted to the presence of a small amount of FMN m the FAD prepa- 
ration plus the FMN hbeiated enzymatically by the tissue 

In an analogous way, there was found to be only a liimted restoration 
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of D-amino acid oxidase activity upon the addition of the coenzyme, FAD, 
to deficient homogenates (Table IV) The data indicate that in the hver, 
aftei 7 weeks deficiency, about 11 per cent of the original enzyme remains 
in active foim and only about 5 per cent is present as the apoenzyme, 
wheieas about 84 pei cent is no longei demonstrable Similarly in the 

Table V 

Regeneration of Glycolic Acid Oxidase in Liver Slices 
from Riboflavin-Deficient Rais 

Activities are expressed in millimoles per kilo wet weight, per hour Each value 
IS the average of four to eight determinations except as noted All incubations 
were for 1 hour 


Group 

FMN 

FAD 

Protein 

Glyco] 

OXK 

No 
FMN 
added 
to sub- 
strate 

iic acid 
iase 

With 
FMN 
added 
to sub 
strate 

• 

o 

P 



y P" 

yper 

vtg per 






gm 

gm 

gm 




Normal 

Homogenate not incubated 

3 50 

28 5 

170 

222 

229 

112 


S e m 

0 63 

0 60 

0 8 

20 

20 



iSlices incubated in rat serum 

4 80 

20 8 

140 

164 


90 


S e m 

0 14 

0 13 

0 8 

21 




Slices incubated in rat serum -f 

10 80 

17 2 

134 

160 


84t 


6 y FMN per ml 








S e m 

0 03 

0 10 

0 7 

12 



Deficient 

Homogenate not incubated 

0 19 

7 29 

190 

4 6 

15 3 

21 


S e m 

0 02 

0 24 

0 1 

0 01 

0 05 



Slices incubated in rat serum 

0 50 

4 95 

145 

9 2 

15 1 

11 


S e m 

0 01 

0 21 

0 1 

0 11 

0 15 



Slices incubated in rat serum 

8 21 

5 98 

143 

21 3 

25 1 

lit 


6 y FMN per ml 








S e m 

0 63 

0 40 

0 8 

1 0 

0 5 



S e m = the standard error of the mean 

* These are average values for n-amino acid oxidase on two samples of liver slices 
t These slices were incubated in rat serum plus 19 y of FAD per ml 


kidney theie is httle apoenzyme shown to be present, although the total 
enzyme loss is much less than in hver 

In deficient hver shces, regeneration of glycohc acid oxidase was demon- 
strated to a hmited extent (Table V) after incubation of the shces in lat 
serum mth added FMN The level attained vas only one-tenth that m 
normal rat hver A variety of mcubation media vuth different salt mix- 
tures was tried without inducing greater regeneration of the enzyme activ- 
ity Shces meubated without FMN addition showed a decrease in FAD 
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and an increase in FMN, mth some flavin leaking from the tissue into the 
serum The protem of both normal and deficient shoes decreased 25 per 
cent durmg incubation, which accounts for the fall in enzyme actmty of 
normal shoes 

n-Amino acid oxidase in deficient hver shoes showed no evidence of re- 
generation upon incubation uath FAD or FMN (not shovm) Nor was 
there any means found to inciease the FAD of hvei shces through incu- 
bation with riboflavin or FMN 


DISCUSSION 

The values reported here for D-aimno acid oxidase are of an order of mag- 
mtude higher than most of the values in the hterature ^ The average 
normal renal value is 20 times that reported by Hawkins (15) and 6 times 
that of Axelrod et al (16) The normal hepatic levels are 5 to 12 times 
those found by previous mvestigators (15-18) These discrepancies may 
help to explain the different results upon addition of FAD in miro Rossiter 
(17) found that FAD added to deficient tissue dunng incubation raised 
D-amino acid oxidase back to normal, which led to the conclusion that the 
apoenzyme was still present undmumshed The present study indicates 
that the apoenzyme as well as the FAD disappears in nboflavin deficiency 
The discrepancy may result from analytical difficulties with older methods 
The low values suggest that something other than the enzyme itself may 
have been hunting FAD is rapidly destroyed in homogenates of kidney 
and hver The measurement of oxygen consumption may have reflected 
the amount of FAD present rather than the amount of D-amino acid oxi- 
dase available The findings presented indicate that, in the case of at 
least two flavin enzymes, both the protein and the prosthetic group disap- 
pear in nboflavin deficiency This is of some theoretical interest It 
would indicate that either the apoenzymes are less stable in the cell than 
the holoenzymes or that the rate of synthesis of the protem part of the 
enzymes is dimimshed in the absence of the prosthetic groups The latter 
might imply a type of adaptive process concerned with S 3 mthesis of these 
flavoprotems 

Attempts to induce regeneration of glycohc acid oxidase, D-ammo acid 
oxidase, or FAD in vitro were rather abortive, and suggest that smtable 
conditions v ere not discovered since regeneration in vivo is quite rapid 
Gl 3 ’'Cohc acid oxidase of mammalian tissue has been studied very httle 
Dohan (19) reported its presence in hver of rats and rabbits Kun et al 
(20) punfied it from rat hver and showed its coenzyme to be FMN 
Ratner et al (21) vere unable to obtain glycine oxndase from rat kidney, 

^Umbreit and Tonhdzy (14), however, using methionine as the substrate, found 
activities for n-amino acid oxidase of normal rat liver about 2 5 times the present 
values obtained with n -alanine 
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although they demonstrated its presence m kidneys of other species ICrebs 
(22) had found earhei that lat kidney shoes slowly deanunated glycine 
but that extracts weie inactive The use of less sensitive manometric 
methods, lequirmg longer incubation and more concentrated tissue prepa- 
rations, may explain earher difficulties m demonstrating the presence of 
this enzyme Rat kidney is twice as rich as liver m this enzyme, but so 
far tests foi its presence m other tissues have been negative L-Aimno 
acid oxidase is also much higher m rat kidney than m hver 

The decrease in xanthine oxidase in deficiency is less than that described 
by othei investigators (13) Inclusion of molybdenum m the diet and the 
specificity and sensitivity of the analytical method used may account foi 
the differences 

One of the most striking findings is the range m sensitivity to deficiency 
among the various flavm enzymes Each enzyme decreases in activity at 
a different rate and to a different degree with the pi egression of deficiency, 
so that the enzymatic pattern changes to a considerable extent with time 
The order of sensitivity to deficiency m hver, with the per cent of origmal 
activity remaimng after 6 weeks, is glycolate oxidase 8, D-amino acid oxi- 
dase 17, glycine oxidase 21, xanthine oxidase 33, L-anuno acid oxidase 67, 
and DPNH dehydrogenase over 90 One might anticipate that the en- 
zymes with more readily dissociable prosthetic groups would be the fiist to 
suffer It IS true that the first three enzymes hsted have aU been reversibly 
dissociated from their prosthetic groups, whereas the last thre e have not 
Nevertheless, m the kidney, glycine oxidase and L-amino acid oxidase aie 
about equally affected by deficiency, although only the first has been shown 
to be dissociable (23) It remams to be explained why the same enzyme 
activities are affected quite differently in different tissues by nboflavm 
deficiency Thus nearly all renal enzyme activities measured are more 
resistant to deficiency than are the same activities in hver 

SUMMARY 

1 Four tissues of rats on four different dietary r4gimes have been ana- 
lyzed for two riboflavin coenzymes, FMN and FAD, and for six enzymes 
Levels have been determined for ammals receiving (a) a high nboflavm 
diet ad libitum, (6) the same diet in restricted quantity, (c) a riboflann-free 
diet, and (d) a diet low in riboflavin 

2 Of the normal tissues, the hver was nchest in FAD, in DPNH de- 
hydrogenase, xanthine oxidase, and glycolic acid oxidase The kidney u as 
richest in FMN, in d- and L-amino acid oxidases, and in glycine oxidase 
Brain was lowest m all these enzymes It contains only a tenth as much 
DPNH dehydrogenase as hver, even though its oxygen consumption is at 
least as great 

3 Remarkable differences were found m the rates at which the coen- 
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Z3aiies and enzymes fall during depletion In the brain changes were 
neghgible In hver FAIN was lost more rapidly than FAD and some 
enzymes showed rapid and large decreases In kidney and heart changes 
were much smaller 

4 DPNH dehydrogenase had the highest activity m all tissues and 
showed no decrease m moderate deficiency In severe deficiency it showed 
a downward trend 

5 Hepatic enzymes in order of their sensitivity to riboflavin deficiency 
are glycolate oxidase, D-ammo acid oxidase, glycine oxidase, xanthme oxi- 
dase, L-ammo acid oxidase, and DPNH dehydrogenase Xanthme oxidase 
decrease was parallel to FAD in hver, but D-ammo acid oxidase and 
glycohc acid oxidase decreases weie parallel to FMN Both the protein 
and coenzyme moieties of the last two enzymes disappear m depleted rats 
The large decrease in these enzymes did not occur m weight control animals 
Hence, dietary nboflavm had some special role m the formation or main- 
tenance of these enzymes 

6 Rapid regeneiation of FAD and of glycohc acid oxidase, D-anuno 
acid oxidase, and xanthme oxidase m deficient liver has been demonstrated 
in VIVO FMN, L-amino acid oxidase, and glycine oxidase come back more 
slowly 

7 Regeneration of glycolate oxidase m hver shces has been shown to a 
hmited extent Under the same conditions D-ammo acid oxidase did not 
regenerate 

8 Weight control ammals on restncted food mtake mth ample ribo- 
flavin showed lower than normal activity for a number of enzymes in both 
hver and kidney 
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STUDIES IN VITAMIN E DEFICIENCY 

II THE INFLUENCE OP ADRENOCOETICOTROPIN AND OF 
TOCOPHEROL COMPOUNDS ON ADRENAL ACTIVITY* 

By HARRIS ROSENICRANTZ 

{From the Worcester Foundation for Experimental 
Biology, Shrewsbury, Massachusetts) 

(Received for publication, March 12 , 1956) 

In a previous paper (1) it was reported that an elevation in oxygen con- 
sumption occuried in the adrenal cortex of tocopheiol-deprived rabbits 
It was also mentioned that the adrenal gland from vitamin E-deficient rab- 
bits had the capacity to respond to adrenocorticotropic hormone (ACTH) 
with a further increase in oxygen uptake That the oxygen consumption 
of adrenal glands is influenced by ACTH has been shown for the rat (2, 3), 
dog (4, 6), cattle (6, 7), hog (8), and guinea pig (9) Tissue preparations 
consisted of bisected adrenal glands or adrenal cortical shces ^ 

It appeared worth while to pursue a possible correlation between ox 3 ’-gen 
consumption and steroid production Perhaps the increased activity of 
the adrenal m vitamin E deficiency was not only a reflection of a non-spe- 
cific stress situation (1) but was also biochemically i elated to the tocoph- 
erol-depleted condition of the gland It is known that the adienal and 
pituitary contain the highest concentrations of ntamin E, as compaied 
with all other tissues m the body (11) Furthermore, Brummel et al (12) 
have indicated that part of the increase in oxygen consumption due to 
ACTH IS used for the Cn-oxygenation of steroids Obviously the oxygen 
actually introduced into the steroid molecule represented a minute quantity 
of the total oxygen consumption 

The present investigation was designed to compare the oxygen uptake 
and steroid production of adrenals zn vitro from vitamin E-depnved and 
tocopherol-supplemented rabbits In addition, the influence of tocopherol 
compounds on adrenal glands in vitro wnth reduced vitamin E content w as 
studied Shced glands and adrenal homogenates with and wnthout ACTH 
were tested Other workers have demonstrated an effect in vitro of ACTH 

* This investigation was supported by a grant from the Muscular Dystrophy As- 
sociations of America, Inc 

' Stack-Dunne and Young ( 10 ) have indicated that stimulation of 0 x 3 gen uptake 
in adrenal homogenate by ACTH had been accomplished However, examination 
of the original papers referred to did not permit this interpretation and has been "^o 
acknowledged b 3 ’' Stack-Dunne in a personal communication That ACTH ma} in- 
fluence the respiration of adrenal homogenates was suggested b} preliminar 3 data 
from this laboratory, which was quoted {Ckem and Eng News, 32, 3945 (1954)) 
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TOCOPHEROL COMPOUNDS ON \DREN VL \CT1VIT' * 

By H \RRIS ROSENKRANTF 

(From the IT’orcc^'cr Fo ’•re' o- A - Err- 'E 

Btohgv, Shrcjrebi 

(Received for publication, M-rch 12 

In a previous paper (1) it vas reported that an elevation in c^'cen con- 
sumption occurred m the adrenal cortex of tocophenDl-depnved rabbns 
It was also mentioned that the adrenal gland from vntaniin E-dehcicnt rab- 
bits had the capacity to respond to adrenocorticotropic ho’rnone (\CTID 
with a further increase in o\\ gen uptake That the oxv-gen consumpt on 
of adrenal glands is influenced b3' ACTH has been shovm for the rat (2 3), 
dog (4, 5), cattle (6, 7), hog (8), and guinea pig (9) Tissue preparation'^ 
consisted of bisected adrenal glands or adrenal cortical slices ^ 

It appeared worth nhile to pursue a possible correlation bctwc-cn omgen 
consumption and steroid production Perhaps the increased actmtj* of 
the adrenal in vitamin E deficiencj* was not onh' a reflection of a non-=pe- 
cific stress situation (1) but n as also biochermcalh' related to the tocoph- 
erol-depleted condition of the gland It is knov n that the adrenal and 
pituitary contain the highest concentrations of ntamin E, a" compared 
with all other tissues in the bod}’ (11) Furthermore, Brummel c( oZ (12) 
have indicated that part of the increase in 0x3 gen consumption due to 
ACTH is used for the Cii-ox3’genation of steroids Ob\uou=ly the ox3’gen 
actually introduced into the steroid molecule represented a rmnute quantity 
of the total oxygen consumption 

The present mvestigation was designed to compare the oxygen uptake 
and steroid production of adrenals tn vitro from \utamin E-depni ed and 
tocopherol-supplemented rabbits In addition, the influence of tocopherol 
compounds on adrenal glands in vitro uath reduced \utamin E content uas 
studied Shced glands and adrenal homogenates with and without ACTH 
were tested Other workers have demonstrated an effect in vitro of ACTH 

This investigation was supported by a grant from the Muscular Dystrophy As- 
sociations of America, Inc 

' Stack-Dunne and Young (10) have indicated that stimulation of o\j’-gen uptake 
in adrenal homogenate by ACTH had been accomplished However, examination 
of the original papers referred to did not permit this interpretation and has been so 
acknowledged by Stack-Dunne in a personal communication That ACTH may in- 
fluence the respiration of adrenal homogenates was suggested by prelimi ary data 
from this laboratory, which was quoted (Chem and Eng News, 32, 3 ^ '•' 
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on reducing substances m rat (13-15), cow (14, 16), dog (17), and frog (18) 
m adrenal preparations vntb intact cells 

Contrary" to the findings on the homogenate fraction fiom adienals from 
rat (13-15), cow (14, 16), dog (17), and hog (19), it was obseiwed that 
ACTH does elicit an elevation in the levels of reducmg substances m rab- 
bit adrenal homogenates An increment in oxygen consumption paral- 
leled the rise m reducing material 

The studies on tocopheiol compounds also levealed a stimulation ol 
reducmg substance vlnch was moie closely associated vnth a-tocopheiyl- 
hydroqumone than a-tocopherol or its quinone 

Methods 

Tiliite, New Zealand rabbits, housed m glass metabolism cages, were 
raised on a purified diet lacking in \ntamin E The methods for observing 
the course of the deficiency have been reported previously in detail (1) 
Rabbits imtiaUy weighmg less than 1000 gm exhibited nutritional muscular 
dystroph}’' between 3 and 4 weeks, while heavier ammals resisted the de- 
ficiency for 1 or 2 additional weeks 

The ammals were sacnficed by stunmng and the adrenals rapidly re 
moved to a cold dish, where they were carefully trimmed and studied as 
bisected glands, quartered glands, cortical shoes, whole gland homogenate, 
or cortical homogenate Razor blades were used for halving oi quartering 
the glands, while a Stadie microtome served in the preparation of shoes 
When quarteiing of the gland was performed, a quarter of an adrenal fronj,, 
each rabbit v as introduced into a flask so that a piece of adrenal from each 
animal was represented in each mcubation vessel (13, 20) Homogenates^ 
were formed in an all-glass, comcal homogemzer of 1 ml capacity or a 
ml Potter type glass homogemzer No attempt was made to remove cel^'^j 
debris because of the small quantity of tissue available Microscopic ex^ 
aminations of a few homogenate ahquots revealed few intact cells 

The preparation of homogenates and all incubations were earned out in 
a ICrebs-Ringer-phosphate medium vnth or vnthout 0 0009 m calcium at 
pH 7 32 The major substrate was 0 1 ml of 10 per cent glucose, which , 
was tipped m vnth or vnthout 0 1 ml of ACTff (5 to 10 units of Astwood’s 
oxj^cellulose preparation or Armour’s standard preparation, LA-l-A) fron 
the side aim of Warburg vessels after a 5 to 15 minute equihbration penod^^ 
Boirnie serum albumin or ACTH inactivated by the hydrogen peroxide 
procedure of Hofmann and DaAnson (15) served as control proteins 

= Our sincerest gratitude is extended to Dr Astwood for samples of his ACTH, 
to Dr hlej er for revealing the details of his tetrazolium modification before publica- 
tion, to Dr Dorfman for samples of steroids, to Dr Saffran for his prepublicatm 
communication on the procedure for methjdene dichloride purification 
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■\Vlien the available tissue was moie than 30 mg , 3 ml of medium were 
usually employed, less th.„n 30 mg of tissue were incubated m a 1 ml 
volume in 5 ml vessels In most instances, the gaseous atmospheie was 
air 

Steioid pioduction was determined by the modified blue tetrazohum 
"caction of Meyei and Lmdberg (21) ^ Calibration curves were recoided 
for coiticosterone, cortisone, and hydiocortisone^ by employing the fol- 
lovnng final concentrations for a final volume of 1 ml solution 0 0045 n 
tetramethylammomum hydroxide, 0 025 per cent blue teti azohum, and 
approximately 93 per cent ethanol, 20 imnutes at 38° and immediately 
lead at 530 m/i 

Steroid recoveries weie investigated with ethyl acetate, chloroform, and 
methylene dichloride as solvents The method of extraction finally se- 
lected was that of Saffian and Schally (20), m which specially purified 
methylene dichloride was employed ^ The incubation fluid and a 1 ml 
iinsing of the respiration vessel weie transferred to a 10 ml glass-stoppeied 
tube which had been washed vath methylene dichloride and dried with air 
befoie use 4 ml of methylene dichloride were used to extract the aqueous 
ihase, and a 1 ml aliquot of the orgamc layer was evaporated to dryness 
in a micro-Coleman tube under a stream of mtrogen, the colorimetric assay 
being apphed to the residue The residue from the lemaimng methylene 
dichloride solution was chromatographed in the benzene-aqueous methanol 
/stem of Bush (22) and the toluene- or hgroin-propylene glycol partitions 
oX Zaffarom and Burton (23) and Savard (24), respectively 
In the experiments with vitamin E compounds, d-a-tocopherylquinone 
cind d-a-tocopherylhydroqumone were dissolved in propylene glycol (10 mg 
'^r ml ), and 0 1 ml was tipped into the incubation vessel after the equih- 
ation interval An equal quantity of propylene glycol was introduced 
uto the control flasks In these studies, 200 mg per cent glucose were 
present in the medium and 100 per cent oxygen was the gas phase (25) 
d-a-Tocopherylquinone was prepared by the method of Karrerand Geiger 
(26) and purified by the piocedure of Tishler and Wendler (27) The 
tocopherylqumone was freshly hydrogenated over 5 per cent palladium on 
'ilcium carbonate to yield the corresponding hydroqumone, which vas 
“^ayed by the ferric chloride-dipyridyl reagents at the moment incubation 
jmmenced 


Results 

It was desirable to ehmmate the possibility that the ACTH was being 
utilized as a substrate and thus imtiatmg variations in oxygen consump- 
■■ 'im The use of bovine serum albumin as a control piotein gave loanable 
is and was discarded Oxygen consumption m the presence of ly- 



50 


STUDIES IN VITAMIN E DEFICIENCY II 


drogen peroxide-inactn^ated ACTH (15) corresponded to that of control 
adrenals This observation, in addition to the inability of active ACTH to 
influence the respiiation of adrenal medulla preparations, indicated that 
actu e ACTH v as not functiomng merely as a substrate for adrenal cor- 
tical incubations Periods of equilibration v ere necessary after tipping m 
h 3 'diogen peroxide-inactivated ACTH since trace quantities of hydrogen 
peroxide caused some evolution of gas This v as probably due to catalase 
actmt}’’ since, m one expenment, inhibition of catalase vTth sodium sul- 
fide (28) prevented the evolution of gas 
The oxygen consumption of bisected glands and adienal coitical homog- 


Table I 

Effect of ACTH on Oxygen Consumption of Normal Rabbit Adrenal 


Cortical preparation 

ACTH units 
per cortc-c 

QOi,iil per hr per mR wet weight ± a\erage devi- 
ation (range) j 

Per cent 
increase 

Addition of bovine serum 
albumin or 
jnactisated ACTH 

Addition of ACTH 

Bisected 

1250* 

1 96 ± 0 54 (3)t 

2 50 ± 0 74 (2) 

28 


(LA-1 -A) 

(1 28-2 79) 

(1 76-3 24) 


Bisected 


0 74 ± 0 32 (8) 

1 11 ± 0 33 (8) 

50 


(Astvood) 

(0 34-1 67) 

(0 64-1 95) 


Homogen-ito 

5t 

0 18 ± 0 02 (9) 

0 49 ± 0 16 (10) 

172 


(Astwood) 

(0 08-0 27) 

(0 18-1 07) 



* An equal -weight of bovine serum albumin was used as a non-specific protein 
control 

t Number of animals studied 

t ACTH inactivated by hydrogen peroxide (15) was utilized as its own protein 
control 

enates in the presence and absence of ACTH is summarized in Table I 
Adrenals from the same animal and among htter mates were compared 
A 28 to 50 per cent increase in ox 3 ’-gen uptake -nas observed for bisected 
glands treated iMth ACTH The peak activity of ACTH occurred at 
about 1 hour, as seen m Fig 1 This is in agreement ^vith findings on per- 
fused (29, 30) and sliced (14) glands 

Similar results were obtained -with adrenal cortical homogenates Al- 
though absolute Qa values v ere low er than those of bisected or shced prep- 
arations, greater responses v ere seen in the presence of ACTH Calcium 
(0 0009 m) additions, compatible with the phosphate buffer emplo 3 'ed, 
shoved little effect on the activity of the excess ACTH concentrations used 
The assumption that the ACTH stimulation of adrenal coitical respiia- 
tion vas related to steroidogenesis afforded an opportunity to collect evi- 
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dence foi an ACTH effect on steioid pioduction in rabbit adienal homog- 
enate The difficulty in isolating the microquantities of steroids from 
individual labbit adienals dnected attention to assay pioceduies i elated 
to ceitain stiuctuial featuies of the steioid molecule The tetrazohum 
leagent which deteinnnes the a-ketol side chain of steroids was selected 
foi its sensitnnty In addition, Elliott et al (31) have demonstrated a 
close coil elation between ultiaviolet absorption near 240 m/i, characteristic 



Fig 1 The peak activity of Astwood’s ACTH on oxygen uptake of rabbit adrenal 
cortical preparations 

for the A^-3-keto gioup of steroids, and the tetrazohum reaction More- 
over, Saffran et al (13) have estabhshed a parallelism between the absorp- 
tion at 240 nip by steroids and the eosinophil bioassay Utihzing cortisone 
as a reference standard, these workers compared spectiophotometric anal- 
yses and bioassay and obtained a correlation coefficient, r = 0 936 In 
the present study it was recogmzed that coiticosteione is the major active 
steroid leleased by labbit adrenal and that the tetrazohum measurements 
represented both active and inactive a-ketohc steroids 

It was confirmed that blue tetrazohum v as found to be more sensitive 
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than tnphenvltetrazohum chloiide and 2,5-diplienyl-3-(4-st3aylphenyl)- 
tctrazolium chloride (31) Corticosteione, cortisone, and hydiocortisone 
gai e equivalent densities (0 25 foi 5 7) and maximal coloi development 


Table II 

Influence of ACTH on Stcrotd Production by Rabbit Adrenal 


Diet of animal 

No of 
ani- 
mals 
in 

study 

Adrenal preparation 

ACTH* * * § 

BT material, -y per 
100 mg wet weight 

Per cent 
increase 

BT 

Qot 

Stock pellet 

3 

Whole homog- 

— 

42 

(35-49 )t 





enate 

+ 

63 

(38-88) 

50 

IS 

4< C( 

8 

Cortex homog- 

— 

40 

(13-68) 





enate 

+ 

90 

(67-167) 

125 

107 

a <4 

6 

Cortex homog- 

— 

51 

(Pooled) t 





enate 

+ 

71 

II 

39 

20 

II II 

5 

Cortex homog- 

— 

113 

II 





enate -p 120 


150 

II 

32 




y corticos- 

1 







terone 






Purified -f d-a-tocopherol 

3 

Bisected gland 

~ 

27 

II 






+ 

40 

II 

50 

29 

" + " § 

5 

Whole homog- 

— 

6 

(2-9) 





enate 

+ 

8 

(5-16) 

33 

44 

If II 

5 

Whole homog- 

— 

44 

(20-72) 





enate 

+ 

66 

(47-87) 

50 

28 

It 11 

2 

Cortex homog- 

— 

22 

(19, 26) 





enate 

+ 

44 

(39, 56) 

100 

70 

II II 

3 

Cortex homog- 

— 

15 

(Pooled) 





enate 







3 

Cortex homog- 

-11 

19 

II 





enate 







3 

Cortex homog- 

+ 

37 

11 

118 

120 



enate 






Purified, no tocopherol 

3 

Bisected gland 

— 

48 

11 






+ 

121 

If 

150 


If II II 

4 

Cortex homog- 

— 

69 

II 





enate 

+ 

95 

1 1 

38 

100 

If II If ^ 

7 

Whole homog- 

— 

46 

(29-55) 





enate 

+ 

63 

(61-78) 

37 

34 

II II If 

4 

Whole homog- 

— 

140 

(41-369) 




t 

enate 

+ 

176 

1 

(63-379) 

26 

23 


* 10 units of Vstwood’s ACTH iiere used for mnximil stimulation of each glnnti 

t The numerals in parentheses give the range of values 

J BT determinations were made on pooled glands 

§ These rabbits vere the litter mate controls for those discussed in the last foot- 
note to this table 

11 Hj drogen perovide-inactivated ACTH 
^ Litter mates of controls mentioned under foot-note § 
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m 20 minutes under the conditions used with the blue tetrazohum reagent 
(BT) The density of the reagent and medium blanks was approximately 
0 06 This BT method gave relatively low blanks, and recoveries above 
90 per cent could be obtained vnth methylene dichloiide as the extractant 
Both ethyl acetate and chloiofoim gaA’-e variable results, higher blanks, 
and lecoveries betiveen 70 and 90 pei cent 
Applications of the complete pioceduie of incubation, exti action, and 
colorimetiic analysis to ovaries, skeletal muscle, diaphragm, hver, kidnej^, 
and intestinal homogenates and slices gave low BT values The BT con- 
tent of these tissues was appioximately equivalent to 13 and 1 pei cent of 

Table III 


BT Levels in Total Adrenal Homogenate from Litter 
Mate Rabbits in Several Colonies 


No of rabbits 

I 

Days on 
purified diet 

Condition 

Average urinary 

BT 

creatine , 

i 

Average 

Range 




VIS p(r 24 hrs 

y per 100 
ms viel 
weisht 

y per 100 
mg wet 
iVeight 

3 

17-24 

Control 

13 

61 

50- 72 

3 

17-24 

Deficient 

44 

220 

128-379 

1 

20 

Control 

2 

9 


3 

20 

Deficient 

14 

34 

30- 39 

3 

23-30 

Control 

10 

17 

6- 26 

6 

24 

Deficient 

82 

53 

37- 69 

2 

26 

Control 

7 

8 

7- 8 

3 

26 

Deficient 

13 

11 

10- 12 

3 

29-34 

Control 

10 

7 

2- 9 

3 

26-28 

Deficient, paralysis 

95 

66 

34- 99 

3 

32-38 

Control 

10 

7 

3- 9 

4 

32-34 

Deficient, paralysis 

1 

80 

66 

52- 83 


adrenal levels from control and from deficient ammals, respectively 
Methylene dichloride extracts of solutions contaimng ACTH did not exceed 
reagent blank levels 

The results of these BT determinations and the corresponding alterations 
in oxygen consumption for control and vitarmn E-deficient labbit adrenal 
are outhned m Table II An increase m BT material occurred in the pres- 
ence of ACTH in bisected adrenals, whole gland homogenates, and adrenal 
cortical homogenates The increase ranged from 26 to 150 per cent, 
vaiiations below 20 per cent were not considered sigmficant Since it has 
been demonstrated that ACTH did not behave as a substrate, inactivated 
ACTH was not added to aU control incubations m the BT studies 

However, one illustration which includes mactivated ACTH is given in 
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Table II The tetrazohum measurements were performed wath the older 
method of Chen and TeweU (32) ® No difference existed between un- 
treated and mactivatedj ACTH-treated samples The group leceiving the 
active ACTH cleaily shov ed a rise in BT material 
The increment m Qo; paralleled the elevation in BT levels Statistical 
analysis jnelded a coi relation coefficient, r = 0 897, and a t value 9 25 
(p <0 01) The Qo„ incieases langed fiom 18 to 120 per cent, and values 
above 15 per cent weie sigmficant Other workers obtained increments 
of 20 to 50 per cent for bisected or shced adrenals from various species 
(2-8) 

In one study, 120 y of corticosterone were added to the incubation me- 

Table IV 


Reactivity of Tocopherol Compounds with Blue Tetrazohum Reagent 


Substance 

Concentration 

Steroid equivalence 

Reaction 


y 

y 

per cent 

d-a-Tocopherol 

25 

3 9 

16 


60 

7 6 

15 


75 

11 1 

15 


100 

14 2 

14 

d-a-Tocopherylquinone 

50 

1 8 

4 


100 

3 6 

4 


160 

5 3 

4 


200 

7 1 

4 

d-a-Tocopherylhydroquinone 

1 

1 0 

100 


2 


95 


3 


94 


5 


93 


6 

6 4 

94 


dium containmg a normal adrenal cortical homogenate The ACTH effect 
did not appear to be inhibited by this steroid 

It should be noticed (Table II) that BT values appear to vary greatly in 
comparable adrenal pieparations However, BT levels are of similar mag- 
mtude vhen the control and deficient rabbits, respectively, from the same 
htter are compared 

A comparison of adrenal BT levels from control and vitamin E-deficient 
htter mates from several colomes is shovm m Table HI Irrespective of 
the days on the purified diet or the overt symptoms of nutritional muscular 
dystrophy, an elevation of BT content was discerned in the adrenals of 
tocopherol-deprived rabbits Agam the BT fluctuation from colony to 
colony v as obvious 

* Thanks are due to Morej Femstein for some of the early tetrazohum deter- 
minations 
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Several attempts were made to ckromatograph the methylene dichlonde 
residues The wet weight of a labbit adrenal cortex is approximately 20 
mg in an ammal weighing 1500 gm From individual analyses and from 
calculations from the data in Table II, it was reahzed that perhaps 2 to 10 
7 of BT material would be available for chromatography It was not 
desirable to pool adrenal extracts from the vitamin E-depnved ammals 
since even htter mates were not at the same level of nutritional dystrophy 
as indicated by the variations in creatinuria and muscular paralysis How- 
ever, some pooled adrenal extracts of control ammals were subjected to 

Table V 


Recovery of Tocopherol Compounds* 


Substance 

Quantity 

added 

Feme 

cblonde- 

dipyndyl 

Ultraviolet 

absorption 

Recovery 

Steroid BT 
equiv- 
alence 

BT 

inter- 

ference 


y 

y 

y 

i>er cent 

y 

per cent 

d-a-Tocopherol 

1125 




120 







120 



1125 


680t 

60 

108 

16 

d-a-Tocopherylquinone 



75t 

75 




1000 


738 

74 

19 

3 

d-ct-Tocopherylhydroqumone 

72 




15 

21 


128 




24 

19 


156 

31 


20 

40 

26 


314 

57 


18 

66 

21 


320 




63 

20 


390 

73 


19 

87 

22 


432 

77 


18 

72 

17 


540 

122 


23 

100 

19 


648 




120 

19 


780 

96 


12 

114 

15 


* Each experiment was performed in duplicate 
t Determined at 292 m/x 
t Determined at 262 mpt 


paper chromatographic fractionation in a benzene-aqueous methanol 
system One such experiment yielded a paper chromatogram which con- 
tained a more intense BT zone, migrating at a rate similar to corticosterone, 
for the residue representing an ACTH-treated homogenate as compared 
with that of an untreated sample Naturally additional studies are nec- 
essary to substantiate this finding 

The final phase of this vork involved incubation of quartered adrenal 
glands and whole gland homogenates vath tocopherol compounds Rab- 
bits on a stock and purified diet veie studied Vitanun E-deficient rab- 
bits afforded test ammals, the adrenal activity of which perhaps vould 
be more sensitive to exogenous tocopherol compounds if such compounds 
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were associated with steroidogenesis A crude estimate of tocopherol 
depletion of the adrenal gland could be obtained by coloiimetric analysis 
Residues from methjdene dicliloride extiacts were subjected to feiric chlo- 
ride oxidation m the presence of a,a'-dipyiidyl (EE) Adrenal tissue fiom 
controls invariably initiated a positive reaction, while extracts from ad- 
renals of \atamm E-deficient ammals were negative 

The reactivity of tocopherol compounds vuth the BT reagents was also 


Table VI 

Influence of Tocopherol Compounds on Steroid Production in 
Quartered Adrenals from Vitamin B-Deflcient Rabbits 


Substance 

Concen- 

tration 

Total BT 

Correction fori 

interference 

by tocopherol 
compounds* ^ 

BT 

Increase 



Y 

7 

y per 100 mg 
dry weight 

per cent 

Control 


13 


37t 


1 


16 


62 (50-75)t 


d-ct-Tocopherol 


16 

3 

43 

12 



37 

6 

92 

48 



27 

4 

92 

48 



30 

5 

123 

98 

d-cc-Tocopherylquinone 


12 

1 

35 

0 


2 2 

28 

1 

88 

42 


2 2 

28 

1 

120 

93 


2 2 

20 

1 

92 

48 

d-a-Tocopher 3 dh 3 dro- 

1 6 

64 

13 

205 

465 

quinone 

3 2 

188 

38 

414 

567 


3 2 

114 

23 

364 

488 


3 2 

183 

37 

381 

515 


* Correction percentages are as follows 15 per cent for tocopherol, 4 per cent for 
tocopherylquinone, and 20 per cent for tocopherylhj^droquinone 
t Control level for lower concentration of substrates 

t The values in parentheses give the range of control BT values for three determi- 
nations 


studied This v ould perimt a correction foi their interference in the ana- 
Ijdical method used The results of the tetramethylammomum hydroxide- 
blue tetrazohum reaction with the tocopherol compounds are presented in 
Tables IV and Y Diiect reaction of the substrates and reagents indicated 
that tocopherol will yield a BT steroid equivalence of 15 per cent, to- 
copherjdquinone of 4 per cent, and tocopherjdhydioquinone of 95 per cent 
When the substrates w ere earned through the complete incubation and 
extraction procedure, the extent of interference by tocopherol and its qui- 
none is similar to that on direct reaction wnth BT (Table Y) Ultraviolet 
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absorption indicates that approximately 60 per cent of the added tocopherol 
IS extracted into methylene dichloride after one partition and that the 
recoveied mateiial gave a steioid equivalence of approximately 16 pei cent 
75 pel cent of the added tocopherylqumone is recovered and yields a ster- 
oid equivalence of approximately 4 per cent Recoveries of tocopheryl- 
hydioqumone (THQ) varied somewhat, due to the unstable charactei of 
this molecule, and averaged 17 to 26 per cent by both the EE and BT chem- 

Table VII 


Effect of Varying Concentrations of a-Tocopherylhydroquinone on Adrenal 
Steioid Levels Corrected for Presence of oc-Tocopherylhydroquinone* 


Added THQ 

Total BT 

Total EE 

Adrenal 

Per cent increase 

y 

7 

7 

7 per 100 mg 
ary weight 


0 

9 

1 

29 


90 

14 

5 

31 

6 

450 

38 

13 

no 

280 

900 

53 

24 

115 

296 

0 

7 

1 

25 


128 

10 

4 

26 

4 

320 

38 

20 

56 

124 

640 

68 

33 

100 

300 

0 

8 

1 

37 


142 

13 

4 

41 

11 

355 

35 

10 

119 

222 

710 

72 

44 

137 

270 

ot 

9 

0 

31 


77 

13 

1 

38 

22 

386 

35 

10 

95 

223 

777 

56 

24 

139 

350 

Ot 

5 

0 

18 


95 

15 

6 

29 

60 

237 

28 

14 

44 

145 


* Each determination was earned out m duplicate 
t Results on vitamin E-deficient animals 


ical assays The same results were obtained in the absence and presence 
of boiled adienal tissue Because of its labihty the quantity of THQ 
recoveied was less after incubation and exposure to 100 per cent oxygen 
than when such treatment was omitted 

In the tissue incubations with vitamin E substrates it vas decided to 
utihze quartered adrenals because of preparative ease and good repro- 
ducibihty The influence of tocopherol compounds on adrenal tissue in 
a &ebs-Rmger-phosphate-glucose medium in an atmospheie of 100 per 
cent oxygen is outhned in Table VI Corrections have been applied for 
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the interference of the tocopherol substrates in the BT reaction, as de- 
scribed above It can be seen that the tocopherol compounds have an 
influence on the BT content of adrenals Highest activity vas exhibited 
by THQ The lemarkable elevation in adienal BT made it essential to 
deteinnne the exact portion of the total BT which ivas ouginating from 
the substrates and steroids, lespectively 
Specific coloiimetry was an ob\aous appioach, since THQ could be detei- 
nnned by both the EE and BT proceduies w'hile the a-ketohc steroids w'ere 
susceptible to the BT assa}'’ It was found that corticosteione and cor- 



Fig 2 The influence of varjnng doses of d-a-tocopherjdhydroquinone on the per 
cent increase of BT material in quartered rabbit adrenal 

tisone interfered in the EE test less than 2 pei cent Therefore, total BT 
would repiesent THQ plus steioid, and subtiaction of the EE value would 
jueld the steioid concentration This type of correction was imtiated in 
a THQ concentration study Five individual expeiiments aie presented 
in Table '\TI and in Fig 2 The EE levels w ere subtracted from the total 
BT content before adjustment to a common leference point of imcrograms 
per 100 mg of dry weight of tissue The EE coneentiation represented 
approximate!}’’ 3 per cent of the added THQ It w ould appear that Imng 
tissue increases the destniction of THQ since studies wTth boiled or no 
tissue indicated about 20 per cent recoveries The results weie in con- 
formity with the profound influence of THQ on adienal BT A plot of 
per cent increase in BT versus concentration of THQ revealed an S-shaped 




H E0SEN3CBANTZ 


59 


curve (Fig 2) THQ influence commenced near 150 y and reached a 
plateau at appioximately 500 y Adrenals from vitamm E-deficient rab- 
bits may be influenced at lower concentrations of THQ, and the effect may 
continue above the plateau level of control ammals 

Othei approaches were undertaken to estabhsh the individual donation 
of THQ and steroid in mixtures to total BT Differential oxidation vnth 
feme chloride destroyed all the THQ in a THQ-steroid mixture but too 
much steroid was also oxidized A more gentle selective oxidation vuth 
molecular oxygen was promising but time-consurmng and variable No 
destruction of steroid occurred and 50 per cent of the THQ was oxidized 
m a half-hour mterval 

Preferential partition into isooctane was not successful, although no 
steroid and sigmficant quantities of THQ dissolved in isooctane Methyl- 
ene dichloride extracted approximately all of the steroid and as high as 
50 per cent of the THQ 

Another approach was one of paper chromatography In the toluene- 
propylene glycol system corticosterone nugrated at a suitable rate for 
resolution from other corticosteroids However, THQ nugrated similarly 
to corticosterone, 19 to 25 cm in 20 hours, and therefore this system of 
chromatography could not be used In the hgroin-propylene glycol system 
the steroids remained near the origin, while THQ moved 21 to 26 cm in 
8 hours The zones were observed under the ultraviolet lamp and by the 
blue tetrazohum reaction The necessary areas were eluted into methanol 
and examined in a Cary spectrophotometer Mampulation during re- 
covery of the tocopherylhydroquinone resulted in almost complete conver- 
sion of the hydroquinone to the corresponding quinone 

This procedure was apphed to extracts of tissue mcubations Little 
quantitative difference could be detected spectrophotometrically between 
the material from the control steroid zone and that from the corresponding 
zone from an mcubation to which were added 128 7 of THQ When the 
concentration of THQ was increased, there appeared to be an increase m 
the concentration of the steroid zone Ultraviolet analysis of the THQ 
zones as the quinone accounted for approximately 90 per cent of the ma- 
terial determined by the EE reaction 

Another BT-reactive zone was observed on chromatograms of incubated 
extracts untreated vith THQ, which migrated shghtlj'’ more slovly than 
THQ Elution and spectrophotometnc analysis indicated the presence of 
approximately 4 7 of BT material Although the tocopherjdquinone inter- 
fered with the quantitative determination of the corresponding zone from 
THQ-incubated extracts, an mcrease in this material was suggested since 
the tocopherylqumone minimum near 240 mju appeared to be elevated 
This was observed in four experiments and has been interpreted as an 
mcrease m material absorbmg near 240 m;x 
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DISCUSSION 

Although the evidence is in favor of an ACTH effect on adrenal homog- 
enates, the isolation and identification of steroids in the BT mateiial would 
afford unequivocal proof of such an influence It vould be desirable to 
find a more reproducible preparative procedure, since, m addition to the 
obnous biologic variation that was observed, results vaiied vnth a specific 
homogemzer used, the time of homogenization, how the ammal vas killed, 
how the tissue was handled, and probably mth othei unrecogmzed factois 
The ACTH influence on oxygen consumption and BT production oc- 
curred m approximately 75 per cent of the cases studied Among the fail- 
ures were situations in which BT content was increased mthout alteration 
in Qo: and vice versa The difiiculty in obtaimng more consistent responses 
to ACTH was not mherent m the homogenate system, since negative 
experiments were recorded on shces too A siimlar per cent response of 
beef adrenal shces to ACTH has been reported by Haynes ei al (14), and 
variabihty in perfusion studies has also been observed (29, 30) 

In order to reconcile the present positive results of ACTH on adrenal 
homogenates vnth lack of such demonstration by other investigators, an 
explanation hes m three factors species difference, the prmcipal use of 
Astwood’s oxycellulose-purified ACTH, and the preparation of the tissue 
Adrenal preparations from other species were usually subjected to centri- 
fugation for separation of certain cellular fragments and debris This 
vas not done in the piesent instance Although centrifugation afforded 
more certainty m the ehmination of mtact cells, perhaps necessary com- 
ponents for the ACTH system were also deleted 
That ACTH could have an effect on homogenate preparations is sup- 
ported indirectly by several hnes of endence Sourkes and Heneage (33) 
have shown that adrenal homogenates oxidize the I&ebs cycle interme- 
diates moie rapidly than shces Saffran and Bayhss (25) have demon- 
strated the necessity of oxygen for an ACTH effect, Bnimmel ei al (12) 
have implicated 11-hydroxylation with the increased oxygen consumption 
due to ACTH, and recently Hayano et al (34) have proved that 11/3- 
hydroxylase uses molecular oxygen foi the incorporation of the 11-hy- 
droxyl group into the steroid molecule That the necessary mechamsms 
for utihzmg oxygen in the sjmthesis of steroids are available m adrenal 
homogenates seems cleai Several workers have demonstrated biosyn- 
thesis of corticosteioids in cell-free adienal preparations (16, 18, 35), and 
ACTH has been assigned a regulatory role for one of these syntheses, the 
transformation of cholesterol to pregnenolone (36), in the intact gland (37) 
The best e\adence in the present investigation which indicated that an 
ACTH influence vas being exeited on labbit adrenal homogenate was the 
parallehsm between increase m oxygen consumption and elevation in 
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reducing material Such parallehsm also existed in Autamin E-deficient 
labbits in which nutiitional stiess lesulted in Q 02 (1) and BT increments 
111 the absence of exogenous ACTH A similar observation has been made 
foi scorbutic guinea pig m wlucli adrenal lespiiation (9), urinary formal- 
dehydic substances (38), and blood ACTH (39) were elevated 
The woik on the tocopherol compounds indicated that the BT reaction 
could be useful foi determining tocopherylhydroqumone m extracts, on 
paper chromatograms, and in the presence of tocopherol 
The finding that tocopherol compounds did mfluence the concentration 
of BT material elaborated by the adrenal gland could be important To- 
copherol has been implicated in several biological systems, but its role has 
usually been assigned to its antioxidant property Tocopherylhydro- 
qumone had the greatest influence and tocopherol and tocopherylqumone 
presumably had their effect because of the ease of oxidation of the phenol 
to the qumone and the reduction of the latter to the hydroqumone The 
possible existence of an oxidation-reduction system which relates tocoph- 
erylhydroqumone and tocopherylqumone to steroid-BT production may 
throw new hght on the functions of vitamin E It is tempting to point out 
that here may exist a biochemical rdle for the lelatively high concentiations 
of vitamin E in the adienal gland Furthermoie, an association of vitamin 
E and steroids leads to the leahzation that a link is available to coi relate 
the necessity of a-tocopherol in the reproduction of low er Mammaha and 
the piotection of normal pregnancy by certain steroid hormones Pro- 
gesterone substances have been found in the adrenal (37, 40) 

Another observation made on adrenal tissue exposed to tocopherol com- 
pounds was concerned mth the 1 eduction of tocopherylqumone to tocoph- 
erylhydroqumone Prehnunary experiments indicated that the hydrogen 
transfer was enzymatic since boiled adrenal tissue failed to show BT incre- 
ments It was found that ascoibic acid could act as a hydrogen donor in 
the presence of viable adrenal tissue and that 1 educed glutathione func- 
tioned to a lesser degree in this respect Future studies v ill bring closer 
examination of this mechamsm 

The skilful technical assistance of Miss Mary P Kane and Mr Judson 
Spalding IS giatefully acknowledged 

SUMMARY 

1 The influence of adrenocorticotropic hormone (ACTH) and tocopherol 
compounds on adrenal preparations from control and vitamin E-deficient 
labbits was investigated 

2 It was found that adrenal-i educing substances increased during vi- 
tamin E deprivation smularly to ox 3 ’^gen consumption ACTH could also 
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elevate Q 02 blue tetrazolium (BT) materials in adrenal slices or homog- 
enates 

3 Tocopherylhydroquinone had a piofound effect on BT levels m adre- 
nal tissue, with less of an influence being excited by tocopherol and tocoph- 
erylqumone 

4 The unphcations of these findings m relation to nutritional stress 
and vitamin E function in reproduction have been discussed 
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THE INHIBITION OF ADENOSINE DEAMINASE 
BY 8-AZAGUANINE IN VITRO* 

By PHILIP FEIGELSON and J D DAVIDSON 

(From the Departments of Biochennstry and Medicine, College of Physicians and 
Surgeons, Columbia University, and the Francis Delafield Hospital, 

New York, New York) 

(Received for publication, March 13, 1956) 

The biochemical mechamsm underlying the cytotoxic and carcmostatic 
(1-3) effects of 8-azaguanine is still uncertain Cuirent hypotheses aie 
that the compound acts diiectly as a metabohte antagomst to guamne 
utilization (4) oi that it is incorporated into nucleic acids and that these 
fraudulent nucleic acids serve as the active pharmacological agents (5-7) 
An alternative hypothesis being explored m this laboratory postulates that 
8-azaguamne, as a purine analogue, may inhibit certain of the enzymes 
related to purine metabohsm The present report is concerned vith the 
observation that 8-azaguamne is a potent mhibitoi of adenosine deaminase 
in vitro m both homogenate and isolated enzyme systems, the mechamsm 
underlying this inhibition has been investigated 

Methods 

Inhibition of adenosine deaminase activity of tumor homogenates was 
assessed in the following manner Frozen or chilled freshly excised 
adenocarcinoma 755 was homogemzed in cold 0 2 m tiis(hj'^droxymethyl)- 
ammomethane (Tfis) buffer, pH 7 0, with an all-glass Potter-Elvehjem 
homogenize^^Duphcate 50 ml Erlenmeyer flasks were prepared which 
contained 1 0 ml of homogenate in the absence and the presence of 0 3 ml 
of 5 6 X 10~^ M adenosine Inhibitors were introduced into the reaction 
mixture as indicated m the text Sufficient 0 2 m Tiis buffer was added to 
bring the total volume to 15 0 ml , and the reaction mixture was incubated 
with shakmg in a Dubnoff apparatus for 1 oi 2 hours at 37° Enzymatic 
activities were halted by the addition of 1 0 ml of 50 per cent trichloroace- 
tic acid The amount of deamination that had occurred during the in- 
cubation was determined by measuimg the amount of ammoma released, 
by adding 2 ml of saturated potassium carbonate solution to each flask 

* An abstract of this paper has been published (Feigelson, P , Wu, M S L , and 
Davidson, J D , Abstracts, American Chemical Society, 12Sth meeting, Minneapolis, 
SC, Sept (1955)) 

This work was supported by research grants No C2046 and No C2332 from the 
National Cancer Institute, National Institutes of Health, United States Public 
Health Service 
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The ammonia theieby liberated nas tiansfeired by aeiation to collecting 
tubes contaimng 5 0 ml of 0 02 n sulfuric acid The distilled ammonia 
was nesslerized and the optical densitj’' at 420 m/i was measured (8, 9) 
The diffeience between the endogenous ammonia formation in control 
flasks and the ammonia foimed m the flasks containing adenosine 
taken as indicating the adenosine deaminase activity of the homogenate 
This activity vas shown to be a lineai function of the amount of tissue 
present 

Foi studies designed to gam insight into the intimate mechanisms under- 
lying the inhibition of adenosine deaminase by 8-azaguanine, the homogen- 
ate system pioved inadequate Not only vas theie considerable endoge- 
nous ammonia foimation but the presence of guanase m the homogenate 
was undesiiable from two viewpoints 8-Azaguanine vas slowly deami- 
nated by guanase (10, 11), thereby leading to a steady fall in the concen- 
tration of this inhibitor as the incubation period piogressed The resultant 
ammonia evolution still fuithci inci eased the blank to be subti acted from 
the substiate-containing flasks Attention was thciefoic diiected tovaids 
the pieparation of a soluble adenosine deaminase, laigely fiee of guanase, 
uhich could be used m the sensitive and accuiate spettiophotometiic assay 
of Kalckai (12) 

Acetone povdei of labbit intestinal mucosa, a nch source of adenosine 
dearmnase (13), was prepaied by conventional techniques Since adeno- 
sine deanunase is soluble m distilled uatei (14), 0 5 gm of acetone povder 
was extracted three times with 10 ml of distilled vater at 0° These 
extracts veie pooled and stoied in a fieezer On being thaved at 4°, any 
piecipitate vas lemoved by centiifugation Since this supernatant solu- 
tion possessed high adenosine deaminase actmty and onlj'^ traces of 8-aza- 
guamne deaminase, it vas used without fuithei puiification 

The adenosine deaminase activity was assayed at loom temperature vith 
a Cary model No 11 recording spectrophotometer The enzyme v as added 
in 0 1 ml as the last component of a nuxtuie containing 0 5 ml of 10 5 oi 
20 mg per cent adenosine solution, vaiious amounts of S-azaguamne, and 
sufficient 01 m sodium phosphate buffer, pH 7 0, to jueld a total volume 
of 2 8 ml in each cuvette The enzyme v as omitted in the controls 
After mixing the solution in each cu\ette, its optical density at 265 m/i 
{Eub) was recorded continuously for 5 minutes The enzyme-catalyzed 
conversion of adenosine to inosine resulted in a fall m A'jce (12) The 
slopes of the imtial linear declines vere determined from the recoi dings 
The initial rates of fall in Fsbs were shown to be a hneai function of the 
amount of enzyme added, vuth 0 1 ml of the adenosine deaminase prepa- 
ration producing a decrease m Ezob of 0 238 per minute 
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Results 

Table I depicts the results of an expeiiment in which various puiine 
analogues weie compared at isomolar concentiations as inhibitois of the 


Table I 

Effect of Ptirine Analogues on Adenosine Deaminase 
Activity in Vitio of Adenocarcinoma 765 


Analogue 

3 3 X 10-* M 

Adenosine deaminase activ ity 

pmoles of NHa per hr per gm 
tissue 

Per cent inhibition 

None 

13 7 


8-Azaguanme 

0 

100 

8-Azaxanthine 

9 5 

31 

2, 6-Diaminopurine 

9 9 

28 

6-Mercaptopurine 

12 2 

11 



xIO'^’m 8AZAGUAN1NE 

Fig 1 The inhibition of adenocarcinoma 755 adenosine deaminase b 3 S aza- 
guanine 

adenosine deaminase of adenocaicinoma 755 homogenates tn vitro In 
these assays of ammoma evolution, 3 3 X 10“^ 8-azaguanine complete!} 
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inhibited adenosine deaminase activity, wheieas its normal catabolite, 
8-azaxanthine (15, 16), vas a much veakei inhibitoi, 6-mei captopurinc 
and 2, 6-diaimnopuiiiie acted as still less efficient inhibitois When lover 
concentrations of 8-azaguanine weie tested, it was found that lO"'^ m levels 
of the compound still gave effective inhibition Fig 1 shows the mean 
results of two such expeiiments in winch 50 per cent inhibition of tumor 



Fig 2 The inhibition of intestinal mucosal adenosine deaminase of rabbit bj 
8-azaguanine To control and experimental spectrophotometer cuvettes n ere added 

1 0 ml of 3 75 X 10“^ m adenosine, the indicated amounts of S-araguanine as 0 003 m 
solution, and 0 1 m sodium phosphate buffer (pH 7 0) to make the total volumes to 

2 8 ml To the experimental cuvette, 0 10 mi of adenosine deaminase vas added, 
immediately mixed, and the change in F»6s with time continuouslj recorded with 
the control cuvette serving as the blank • = the means of duplicate determina- 
tions 

adenosine deaminase actnity vas accomplished at 26 X 10~^ ji 8-aza- 
guanine In Fig 2 are presented the lesults of similai studies made with 
the intestinal mucosal preparation of adenosine deaminase by the spec- 
trophotometric assay system The inhibition is manifested equally veil m 
this system, although a slightly highei concentration of 8-azaguanine, 
4 1 X 10“'* M, seems necessaiy foi 50 pei cent enzyme inhibition The 
inhibition curve is not of simple exponential natuie but is of the sigmoid 
type 

To deteimine whether 8-azaguamne is a competitive or non-competitive 
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inhibitor of adenosine deaminase, Lmeweaver-Burk expenments were 
undertaken in which the enzyme activity was measured m the absence and 
presence of 2 1 X 10~^ m 8-azaguamne over a vade range of substrate con- 
centrations When the reciprocal of the enzyme activity is plotted against 
the reciprocal of the substrate concentration, curves are obtained, in the 
presence of and vathout 8-azaguamne, as indicated m Fig 3 The upward 



Fig 3 The non-competitive inhibition of adenosine deaminase by 8-azaguamne 
To control and experimental cuvettes were added the indicated concentrations of 
adenosine and sufficient 0 1 m sodium phosphate buffer (pH 7 0) to make the total 
reaction volume to 2 8 ml To the experimental cuvettes was added 0 1 ml of adeno- 
sine deaminase Thej’’ were then immediately mixed and the changes in re- 
corded, with the control cuvette serving as the blank Similar determinations v ere 
made in the presence of 0 10 ml of 0 010 m 8-azaguanine (upper line) • = the 
means of duplicate determinations 

displacement of the intercept of the upper, 8-azaguamne curve points to a 
non-competitive inhibition with regard to the substrate (17) The cal- 
culated dissociation constants of theenz 3 ’^me-substrate andenzjmie-inhibitor 
complexes are /C = 3 6 X 10“® and K, = 28 X 10'^ Although valid 
for these paiticulai experimental conditions, this K, is not a true constant 
but varies with the inhibitoi concentration, as wiU be seen 
Simple non-competitive inhibitors obej’’ the relationship, log (v/vt — 1) 
= r log / + 1/K„ where v and aie the actmties in the absence and pres- 
ence, respectively, of the inhibitor at concentration I, and r is the number 
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of moles of inhibitor combining per mole of active enzyme center (17) 
However, when adenosine deaminase activity was determined in the ab- 
sence and presence of increasing azaguanine concentrations and the values 
of log (v/v^ — 1) were plotted against the log of the azaguanine concen- 
tration, an exponential curve was obtained (Fig 4) rather than a straight 
hne with a constant slope of r Since the slope increases vnth nsing in- 
hibitor concentration, the number of moles of 8-azaguanme which combine 



Fig 4 The determination of the number of moles of S-aznguanine ^^hlch com- 
bine per mole of adenosine deaminase Experimental conditions are identical nith 
those of Fig 2 The depicted curve represents the mean data of duplicate cxperi 
ments 

per mole of enzyme hkewise increases with rising 8-azaguanine concen- 
tration By employing tangents to the curve, the foUouang estimates of 
r and Kx can be made at 1 X 10"'' m 8-azaguanine ? =1, and Ky = 9 
X 10"^, at 7 X 10~‘‘ M 8-azaguanine r = 11, and = 6 X 10"*® There- 
fore, for the interaction between adenosine deaminase and 8-azaguanine 
neither r nor /f, is a true constant but lathei vanes videly with the 8-aza- 
guauiue concentration 

To ascertain whether the 8-aznguanine-adenosine deaminase complex 
once formed was dissociable or whethei 8-azaguamne formed an meversible 
complex with the enzyme, an Ackeiman-Potter analysis ivas undertaken 
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(18) It IS evident fiom Fig 5 that, when enzyme activity is determined 
at inci easing enzyme concentrations in the absence and presence of in- 
hibitoi, both curves obtained may be extrapolated to the origin, the intei- 
cept of the inhibitor cuive is not displaced along the X axis Evidence 



ML ADENOSINE DEAMINASE 

Fig 5 The reaction velocity of adenosine deaminase as a function of enz} me con- 
centration in the absence and presence of 8-azaguanine To control and e\peri- 
mental cuvettes were added 0 5 ml of 3 75 X 10“^ M adenosine and enough 0 1 m 
sodium phosphate buffer (pH 7 0) to make the total reaction volume to 2 8 ml To 
the experimental cuvettes were added the indicated volumes of a dilute adenosine 
deaminase preparation, the cuvettes vere immediately mixed and the E-<es recorded 
with time Similar determinations were made in the presence of 0 003 m 8 azaguaninc 
(lover line) • = the means of duplicate determinations 

theiefore indicates that the 8-azaguaiiine does not titrate the enzyme but 
that the El complex is traly dissociable 

DISCUSSION 

The inhibition of adenosine deaminase by 8-azaguanme piesents several 
interesting aspects As seen m Fig 2, the mhibitoi concentiation curve 
IS sigmoidal Although a definite interpretation of this shape cannot be 
made, several possibilities present themselves The lag m effective iiihi- 
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bition at low 8-azaguanme concentiations might be due to sigmficant 
guanase-induced destruction of 8-azaguanine at these low inhibitor levels 
This seems unlikely since the spectrophotometer tracings shon no evidence 
of an increase m adenosine deaminase activity at increasing time intervals, 
as one would expect if the inhibitoi A\ere being destroyed A more likely 
mterpietation, mfeiied from Fig 4, is that the increasing inhibitoiy effec- 
tiveness pel increment inhibitor is due to the combination of increasing 
numbers of inhibitor molecules per enzyme molecule as the inhibitor con- 
centration rises 

The essentially parallel natuie of the lines obtained m the Linen eaver- 
Burk experiments also suggests that this may not be a typical non-competi- 
tive inhibitor A non-competitive inhibitor which combines with equal 
affinity with both the fiee E and the ES complex displays an elevation of 
both intercept and slope on a Linen eaver-Buik reciprocal plot To the 
extent to which the inhibitor has lower affinity for fiee E than for ES, the 
ffipe IS diminished Thus, true paiallel lines should lie obtained when the 
inhibitor is unable to combine with free E but combines exclusively mth 
ES complex, yielding the catalytically inactive ESI complex (17) 8-Aza- 
guanme seems theiefore to have a consideiably stronger affinity for ES than 
for free E The effective inhibition caused by a given concentration of 
8-azaguanine increased as the adenosine concentration Bas raised This 
increasing inhibition accompanies the inci easing conversion of free B to ES 
Such a phenomenon may have phaimacological significance in that a tissue 
containing a high steady state adenosine concentration in vivo mil have 
more of its adenosine deaminase combined as ES and may therefore be 
more susceptible to inhibition bj’’ 8-azaguanine than a tissue mth a lov 
adenosine concentiation 

Tests conducted on vaiious othei enzymes to assess the specificity of 
8-azaguanine inhibition of adenosine deaminase indicate that erjdrhrocjde 
nucleoside phosphorylase, yeast acid phosphatase, eiythrocyte phosphohex- 
ose isomerase, and liver siiccinoxidase are all completety uninhibited by up 
to 10“^ M 8-azaguanine, wheieas xanthine oxidase is stionglj' inhibited by 
this compound (19) 

The significance zn vivo of these obseivations m vitro lemainsto be studied 
with the use of isotope tiacer techniques The facts that low concen- 
trations of 8-azaguanme give effective inhibition and that the biologically 
inactive catabohte of 8-azaguanine, 8-azaxanthine, is a considerably u eakei 
inhibitor of adenosine deaminase suggest that this inlubition may be of 
pharmacological import 


SUMMARY 

8-Azaguaiiinc was shown to be an inhibitor in vitro of adenosine de- 
aminase from rabbit intestinal mucosa and adenocaicmoma 755 mth 50 
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per cent inhibition occurring at 4 X 10~'* m 8-azaguanine, 8-azaxanthine, 
6-mercaptopunne, and 2 , 6-diaminopunne were considerably weaker en- 
zyme inhibitors The inhibition by 8-azaguamne was found to be non- 
competitive with regard to substrate, the inhibitor forming a reversible 
complex with the enzyme The if, and the number of moles of mhibitor 
which combine pei mole of enzyme are not true constants, but vary vuth 
the mhibitoi concentration Indirect evidence suggests that the inhibitor 
mamfests higher affinity foi the enzyme-substrate complex than for the 
free enzyme 
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FLAVOENZYME CATALYSIS SUBSTRATE-COMPETIXmE 
INHIBITION OF d-AMINO ACID OXIDASE* 
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In an earhei paper from this laboratory (1) there were described the 
characteiistics of competitive inhibition lesultmg from the mterference of 
certam aromatic compounds with the association of flavin adenme dmucleo- 
tide and the separated protein of n-amino acid oxidase Included among 
the inhibitois were aurarmne, quimne, and various other qmnohnes and 
amhnes We now present our findmgs which relate to the structural re- 
quirements for some well defined substrate-competitive processes 

The antimetabohc action of benzoate and cinnamate has been demon- 
strated by their abihty to interfere with the oxidation of such metabohtes 
as butyric, crotomc, and acetic acids (2-5) as well as certam l- and n- 
ammo acids (6-8) m kidney and liver shces and homogenates More recently 
we reported that benzoate and cinnamate can effect metabohc “shunts” 
in shces of various organs of the guinea pig and rat In particular, cmna- 
mate was shown to suppress the oxygen consumption of these tissues and 
to ehcit a marked glycolytic production of lactate Moreover, the m- 
hibition of aerobic activity was found to be reversible and could be mter- 
preted m terms of a competitive mechamsm, embarrassmg the oxidation 
of fatty acids and ammo acids (9) 

With respect to the action of benzoate on an isolated enzyme system 
such as n-ammo acid oxidase, Klein and Kamin (8) suggested that the 
inhibition was related to the formation of a benzoic acid-enzyme complex 
In more detailed kinetic studies of this antagonism of ammo acid oxida- 
tion by benzoate, we found that the action of this inhibitor is primarily 
substrate-competitive (1, 10) This was confirmed by Bartlett m his stud- 
ies on various substituted benzoates (11) More recentljL IHem has re- 
ported that certam heterocychc acids vnth aromatic properties also can 
inhibit this system competitively (12) 

In the piesent paper, evidence viU be presented that substrate-com- 
petitive inhibition of n-amino acid oxidase is not hnuted to compounds 

* The work reported in this paper i\as supported a research grant (No C-392) 
from the National Cancer Institute, National Institutes of Health, United States 
Public Health Service 

t Present address. Department of Biochemistr}’’, University of Colorado School of 
Medicine, Denver 20, Colorado 
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With aromatic character, but is associated in general wnth amons possessing 
conjugated systems in their structures 

RESULTS AND DISCUSSION 

Competitive Inhibition by Compounds Other Than Benzoate — Our initial 
experiments revealed that, in addition to benzoate, such structurally differ- 
ent compounds as crotonate, cirmamate, and indole-2-carboxylate can all 
compete reversibly -with D-alamne for the “complete” enzyme (flavin 
ademne dmucleotide plus apoenzyme) Appropriate treatment (13) of 
the kmetic data obtained wnth these new inhibitors is presented in Figs 
1, 2, and 3 In each case it wall be seen that, as the ratio of alanine to in- 
hibitor IS increased, the degree of inhibition decreases and the same maxi- 

Table I 

Mzchachs Dissociation Constants for n-Alamne and Inhibitor Complexes 
of D-Amino Acid Oxidase of Lamb and Hog Kidney 


See “Experimental” for analytical details 


Inhibitor 


K, 

X, 



mote per 1 

mote per t 


Lamb enzyme 

5 C X 10-’ 


Cinnamate 



7 6 X 10-' 

Crotonate 

Hog enzjTnc 

2 3 X 10-» 

3 8 X 10-‘ 

Cinnamate 



2 2 X 10-< 

Benzoate 



2 1 X 10"® 

Indole-2-carbo\ylate 

1 

1 


3 4 X 10"' 


mal velocity obtains as m the absence of the inhibitor The relative af- 
finities of the lamb and hog kidney enzymes for D-alamne and these new 
inhibitors as calculated from the data aie given by the Michaehs constants 
m Table I These constants show that the enzjnnes combine with the 
inhibitois much more avidly than wnth the substiate, and that there are 
conspicuous differences among the inlubitors m their degrees of binding 
Thus, the w^eakest inhibitor in the series, cinnamate, is held by the enzyme 
at least 10 times more tightly than alanine, ^Ylnle the potent indole-2-car- 
boxylate is bound 1000 times more strongly 
This substrate-competitive action of acyclic and heterocychc compounds 
constituted the first evidence for the existence of a common inhibitory 
configuration moie geneial in charactei than that represented by an aio- 
matic structure such as benzoate It ivas cinnamate and, in particular, 
acrylate and crotonate, the simplest compounds in the senes, that provided 
the clue to the natuie of this essential inhibitory stnictuie The conju- 
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gate system comprising the crotonate molecule is common to all of the in- 
hibitors described by Figs 1, 2, and 3, suggesting that mhibitoiy abihty 
derives fiom the constituent grouping 

H (H, N, or C) 

O 

/ 

— c=c— c 


0 - 

Naiure of Essential Inhibitory Structure — In oidei to piobe further into 
the role of such a structure and its individual parts m the inhibitory mecha- 
nism, compounds possessing this constituent grouping, or variations thereof. 




Fig 1 Substrate-competitive inhibition by cmnamate of n-amino acid o\idase of 
lamb kidney S denotes molar concentrations of n-alanine, and V microliters of 
O 2 per 20 minutes •, uninhibited process Molar concentrations of cmnamate 
O, 5 X 10-^ A, 1 X ID'S +,5X 10-S □, 1 X 10"= 

Fig 2 Substrate-competitive inhibition by crotonate under the same conditions 
as for Fig 1 •, uninhibited process Molar concentrations of crotonate 0,133 

X lO'S A, 2 66 X 10-* 


m a wide variety were examined for activity The results of this survey 
are summarized m Tables II and III 
Perhaps the most obvious stractuial prerequisite for enzjmie binding 
established by the data presented is the carbon-caibon double bond Thus, 
unsaturated compounds such as the acrylates, cmnamate, and benzoate 
aie all potent mlubitors, wheieas their full}’’ hydrogenated analogues are 
essentially ineffective Moreovei, this survey lends further support to our 
conclusions from Figs 1, 2, and 3 that the caibon-carbon double bond can 
be a part of a variety of structures ahphatic, aromatic, and heterocj’chc 
A second structural requirement for inhibition denved from Tables II 
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and III IS that an anionic group must be located immediately adjacent to 
the double bond Whenevei such an aniomc grouping is eliminated, as in 
cinnamamide, mcotinamide, hippunc acid, allyl alcohol, etc , the inhibitory 
actmty is markedly diminished or eliminated The data show further 
that the anionic groups of the inhibitor 3'- compounds may be of markedly 
different types Thus, in addition to the caiboxylate compounds, pheno- 
lates^ and probably sulfonates also possess activity 
It IS sigmficant that the presence of moie than one anionic gioup, car- 
boxyhc 01 hydroxyhc, in an unsaturated molecule can ehimnate its ability 
to inhibit Thus compounds such as fumarate, maleate, and dih3’-dro\y- 
phenols aie inactive Tins finding is consonant with the estabhshed 



Fig 3 Substrate-competitive inhibition bj’’ indolc-2-carbo\j late, cinnamate, and 
benzoate of n-amino acid oxidase of hog kidney Same conditions as given for Figs 
1 and 2 • , uninhibited process Molar concentrations of inhibitors indole 2- 

carboxylate, -b, 9 89 X IQ-', □, 2 00 X lO"®, X, 2 06 X 10'® Cinnamate O, 5 05 X 
10"*, benzoate, A, 5 15 X 10“® 

fact that the dicarboxyhc ammo acids, D-glutamate and D-aspartate, have 
little 01 no substrate activity in the D-amino acid oxidase S3'stem Al- 
though obseivations such as these aie obviousl3’' of value in deducing the 
stracture of the substiate-bmdmg surface of the enzyme, their final intei- 
pietation depends upon the quantitative differentiation of the intiamolec- 
ular electronic and steiic effects which result from the introduction of a 
second anionic gioup into a substiate 01 inliibitor molecule The influ- 

* Krahl et al reported the inhibition of n-amino acid oxidase by trichlorophenol 
(14) If we subject their data to the Linen eaver-Burk analj’'sis (13), ne find that the 
inhibition is of the reversible substrate-competitive type (calculated K„ 1 7 X 10"* 
mole per liter) We have likewise analx'zcd the earlier data of Klein and Olsen for 
the inhibition of n-amino acid oxidase bi' kojic acid (15) and confirm that this in- 
hibition IS also substrate-competitive nith a calculated JC, of 2 2 X 10~® mole per 
liter (12) It may be pointed out that kojic acid is structurally similar to the phe 
nolle tj pe inhibitors cited in our studies 
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Table II 

Inhibition of n-Amino Acid Oxidase of Lamb Kidney by a,P-Unsatura(ed 
Acid Anions and Substituted Phenols 


DL-Alamne, 6 25 X 10“® m, inhibitors, 3 0 X 10"^ m Per cent inhibition based on 
20 minute O2 uptakes and calculated as (1 minus inhibited rate divided by uninhib- 
ited rate) X 100 Temperature, 30° 


Compound 

Per cent 
m- 

hibition 

Compound 

i , 

Per cent 
in- 
hibition 

Aliphatic unsaturated and &atu- 


Phenylsulfonates 


rated anions 


p-Toluenesulfonic acid 

34 

Crotonic acid 

99 

Metanilic acid 

5 

Butyric “ 

0 

Sulfanilic “ 

3 

Dimethylacrylic acid 

70 

Benzoates and naphthoates 


Isovaleric acid 

0 

Benzoic acid 

100 

Sorbic acid 

93 

Cyclohexanecarboxyhc acid* 

53 

Traumatic acid 

36 

Hippuric acid 

13 

Laurie acid 

0 

p-Iodosobenzoic acid 

87 

Fumaric acid 

0 

o-Iodosobenzoic “ 

24 

Maleic “ 

0 

p-Metho\ybenzoic acid 

100 

Ascorbic acid 

0 

o-Methoxybenzoic “ 

67 

Acetylenedicarboxylic acid 

4 

3,4,5-Tnmetho\j'benzoic 

26 

Cinnamates and related com- 


acid 


pounds 


p-Carboxybenzoic acid 

74 

Cinnamic acid 

100 

m-Carbo\ybenzoic “ 

20 

Hydrocinnamic acid* 

55 

o-Carbo\ybenzoic “ 

3 

Cinnamamide 

0 

/3-Naphthoic acid 

100 

Mandelic acid* 

36 

a-Naphthoic “ 

14 

Heterocyclics 


Miscellaneous 


Nicotinic acid 

65 

Phenylacetic acid 

15 

Nicotinamide 

6 

Malonic acid 

10 

2-Furoic acid 

100 

Acetoacetic acid 

0 

Indole-2-carboxylic acid 

100 

Alloxan 

0 

Phenolates 




Tribromophenol 

40 



Triiodophenol 

19 



p-Aminophenol 

30 



Hj droquinone 

73 



/3-Naphthol 

49 


1 

a-Naphthol 

19 



Catechol 

19 



Resorcinol 

0 



2,3-Dihydro\yphenol 

0 



3 , 5-Dihydroxj’-phenol 

5 




* These inhibitions are probably attributable to a contamination b} the unsatu- 
rated analogues of these acids On short standing solutions of purified hjdrocin- 
namic acid and cyclohe\anecarbo\j he acid are found to decolorize permanganate 
and bromine solutions 
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ence of such factors on the mhibitoiy mechanism is well illustrated by the 
variations in inhibitory ability of substituted benzoates in Table II 
Witlun this one family of inhibitois it is apparent that enzyme-inhibitor 
binding is affected by the size, shape, position, and electronic nature of the 
substituent group in the phenyl nucleus 
While the data of Tables I and II provide convincing evidence that a 
variety of anionic unsaturated compounds can be potent competitors with 
the substiate in the D-amino acid oxidase system, the structural cnteria 
presented by these inlnbitois are not considered to be absolute or entirely 

Table III 


Inhzbiiion of D-Amtno Acid Oxidase of Hog Kidney by a,fi-Unsaiuraied Anions 
Dii-Alamne, 6 25 X 10”’ m, inhibitors, SOX 10”’ m Per cent inhibition, calcu- 
lated as in Table II Temperature, 37° 


Compound 

Per cent 
inhibition 

Acrylates, etc 

Acrylic acid 

75 


Allyl alcohol 

13 


Propionic acid 

0 

Heterocyches 

2,4-Dimcthyl-3-carbctho\y-5 cnrboxj p> rrole 

22 


-Methyl-2, 4-dimethyl-3-cnrbetho\y-5-cnrbo\j pj rrole 

25 


2,4-Dicarbetho\y-3-mcth3'l-5 carboxypyrrolc 

15 


3-(l,2,4-Tnmethjl-6-carbetho\y)pjrrjlacrjlic acid 

7 


Indolc- 2 -cnrbo\ 3 'hc acid 

100 

Immo tj pe 

a-0\imino iS-phonjlpropiomc acid 

02 

compounds 

Q:-(0-Benzjd-)oMniino-/3-phcnj Ipropionic acid 

72 


a-O\imino-/3-o\o-0-(p-chlorophen3d)propiomc acid 

71 


Hydrazone of pyruxic acid 

19 

1 

Oxime of pjuuvic acid 

IS 

1 

Semicarbazone of pj'ruvic acid 

0 

“Cinnamate- 

Phenjdpyruvic acid 

65 

like” enols 

o-Nitrophenylpyruvic acid 

32 


exclusive, othei types of compounds may inhibit veakly The substrate- 
competitive action of L-leucine, evaluated in this laboiatorj’’, can be cited 
as an example - With a JC, (13) of 8 0 X 10“^ m, the inhibitory ability m 
this case is magmtudes weaker than that displaj’^ed by compounds in Tables 
I and II Similar marginal activities lepoited foi fatty acid anions in 
high concentrations (16) have been considered insignificant in oui work 
The essential inhibitory structure derived from oui data may be repre- 
sented in its most general form as follows 

1 I 

— C=C— X- 


2 These experiments were performed by Dr Irving Cooperstein 
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where X~ is a carboxylate or a phenohc hydroxyl group Excluding an 
anionic group, the double bond carbons may be substituted with a variety 
of atoms (C, H, N, etc ) or gioups Although it is clearly demonsti ated 
that such a stiuctuie predisposes a compound for reversible combination 
vath the complete D-amino acid-flavoenzyme system in competition with 
the substiate, it is not immediately appaient why such a mechamsm should 
be operative in ammo acid oxidation Whereas substiate-competitive 
mhibitors often bear a leasonable resemblance to the substrate m over- 
all structure, there is no such obvious similarity in the present case, and 
hence much moie subtle resemblances must be evaluated To date, the 
only attempt to involve finei molecular structures m this inhibitory mech- 
amsm had led to the postulate that the benzoate type inhibitors, by vir- 
tue of their resonance, possess a charge distribution which is similai to 
that in the substrate (12) However, the moie generahzed common in- 
hibitory structure deduced from our present study emphasizes a somewhat 
more tangible relation between structure and action of the inhibitors in 
the ammo acid oxidation This relation became apparent when it was 
recogmzed that the conjugate system of the inhibitors is strikmgly similar 
to that of the iminoketomc acid product of the oxidation 

I I / I II / 

E-— C— C-— 0 — > E— C— C— C 

I I \ I \ 

H H 0 H 0 

The substrate competition would then be considered m a sense to involve 
this oxidation product Thus, by combmation with the enzyme, the char- 
acteristic inhibitor would slow the formation at the enzyme surface of the 
structurally related immo compound The kmetic data are not incon- 
sistent with such a postulate ^ 


EXPERIMENTAL 

n-Amino acid oxidase of lamb kidney was prepared as described by Ne- 
gelem and Bromel (17) and was stored as a suspension m 40 per cent am- 
momum sulfate at 0° For analyses by the usual Warburg technique, a 
suitable volume of the suspension was centrifuged and the precipitate 
dissolved m 0 2 m pyrophosphate buffer of pH 8 3 This enzyme solution 
was added from the side arm to the buffered DL-alamne and inhibitor solu- 
tions^ m the mam compartment after a 10 imnute period of temperature 

® This concept originated during a fruitful discussion i\ith Dr Adrien Albert some 
years ago 

^ We have considered the theoretical possibilitj of enzj matic interaction of am- 
monia present in small amount in reaction mixtures, and some of the ethj lemc com- 
pounds emplojed as inhibitors We have found no evidence of interference of such 
a process in the kinetic studies cited here or as j et unpublished 
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equilibration (37°) The concentration of pyrophosphate in the final re- 
action mixture was 0 125 m Readings weie taken every 5 imnutes, start- 
mg 5 minutes after mixing Flavin adenme dmucleotide was added m 
such concentrations so as to achieve a maximal O 2 uptake under the given 
conditions 

The D-ammo acid oxidase of hog kidney was prepared from a powder of 
acetone-treated cortex by the method of Warburg and Christian (18) The 
enzyme, precipitated ivith 13 per cent ammomum sulfate, was dissolved 
m 0 1 M pyrophosphate at pH 8 3 The resulting solution n as lyophihzed 
and then stored over CaCh at 4° Analyses with this enzyme prepara- 
tion were carried out under conditions similar to those described for the 
lamb enzyme 

The pyrrole derivatives were supplied by Dr A H Corwin, and the indole- 
2-carboxyhc acid, phenylpyruvic and o-nitrophenylpyruvic acids, and the 
propionic acid derivatives by Dr W H Haitung All other compounds 
studied were commercial products which were purified when necessary un- 
til pertinent physical properties checked with accepted values 

The authors Avish to thank Dr C G Mackenzie for Ins very helpful criti- 
cism and discussion in preparing this paper 

SUMMARY 

IGnetic analyses have demonstrated that compounds containing an 
anionic conjugate system 

I ! 

—c=c—x- 

are predisposed for reversible competition with the substrate in the D-amino 
acid oxidase system Acyclic and heterocyclic compounds in a wide vari- 
ety possessing this constituent grouping, such as acrylates and indole and 
pyridine derivatives, are showoi to equal or surpass the benzoate ion in 
inhibitory potency W^ien either the double bond or anionic portion of the 
inhibitory structure is eliminated, substrate-competitive ability is de- 
creased or ehmmated 

The mechanism of the mhibition is discussed m relation to the stnictural 
resemblance between the inhibitors and the oxidized ammo acid intermedi- 
ates It IS indicated that the competitions may involve the iminoke- 
tonic products of oxidation 
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PLASMA AND URINARY CORTICOSTEROIDS IN THE 
HYPERTENSIVE FORM OF CONGENITAL 
ADRENAL HYPERPLASIA* 

By WALTER R EBERLEIN and ALFRED M BONGIOVANNIf 

(From the Department of Endocrinology, Children’s Hospital of Philadelphia, 
University of Pennsylvania, Philadelphia, Pennsylvania) 

(Received for publication, March 16, 1956) 

This leport describes a systematic study of adienocortical steroid me- 
tabolites in the peripheral blood and urine of an 8 year-old female pseudo- 
hermaphrodite with congemtal adienal hyperplasia and S3'^stemic hy- 
pertension, a form of the disease only recently recogmzed (1, 2) The 
findings are reported in detail because they differ from those previously 
lecorded in noimotensive subjects with congemtal adrenal hyperplasia 
ALpregnene-17Q:,21-diol-3,20-dione (Substance S) and pregnane-3Q:,17a,- 
21-triol-20-one (tetrahydio S) were detected in the peripheral blood of the 
subject Tetrahydro S, pregnane-3a,17Q;,20^,21-tetrol, pregnane-3a,21- 
diol-20-one, pregnane-3a , 17a: , 20a-triol, pregnane-3a , 20a-diol, etiocholan- 
3a-ol-17-one, and androstan-3a-ol-17-one were isolated from the urme 
None of the normally present C21 and C19 steroids vuth an oxygen function 
at C-11 was detected in the blood or mine 

Methods 

Blood Steroids — ^The levels of directly extractable (free) and glucurom- 
dase-hberated (conjugated) plasma corticosteroids were measured by 
methods previously reported (3, 4) 

Urine Collection and Extraction — 7 5 liters of urme were collected under 
toluene over a period of 10 days prior to treatment and stored at —6° 
At intervals aliquots were thawed at room temperature and processed 111 
the same manner The urme was first extracted at pH 7 0 with | volume 
of methylene chloride on a mechanical shaker The methylene chloride 
phase was washed three times with f of its volume of 0 1 n NaOH and 
V ashed twice with J of its volume of water and combined to form “Free 
Extract I ” After this extraction, the urme was incubated vuth /3-glu- 
curonidase (Ketodase, 350 units per ml of urme) m 0 1 m acetate buffer 

* A preliminary report of this study has been published (/ Chn Endocrinol and 
Metabolism, 16, 1531 (1955)) 

t Aided bj’’ a research grant from the Division of Research Grants and Fellowships 
of the National Institutes of Health, Umted States Public Health Service, and a 
grant-in-aid from the American Cancer Society upon recommendation of the Com- 
mittee on Growth of the National Research Council 
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at pH 4 5 for 72 hours and continuously extracted with methylene chlonde 
m a Hershberg-Wolfe type apparatus for 48 hours The extracts were 
washed m the same manner and combmed to form “Glucuromdase Ex- 
tract II ” Fmally, after acid (pH 1 0) hydrolysis at room temperature 
for 24 hours, the urme was manually extracted three times with | of its 
volume of methylene chloride and the w'ashed extracts were combmed to 
form “Acid Extract III ” 

Preliminary Fractionation of Extracts — Each of the combmed crude ex- 
tracts was tieated unth Giraid’s leagent T at room temperature for 16 
hours The individual ketomc and non-ketomc fractions uere again 
treated with this reagent and the appropriate fractions were combmed 
The three ketomc fractions so obtained ivere separatelj’^ chromatographed 
on columns of Florisil at a steroid to adsorbent ratio of 1 100 based on 
weight The columns weie dex’^eloped wuth chloroform and increasing 
concentrations of methanol (from 2 to 24 per cent) m chloroform 

Chromatography of Neutral 17-Ketosieroids — ^The ketomc fractions of 
the three extracts, w^hich weie eluted from Flonsii with chlorofoim and 
2 per cent methanol-chloroform mixtures, w'ere combmed and treated with 
digitonm The non-precipitable, a fraction w^as chromatographed on 
alumma by a minor modification of the method of Lakshmanan and Lieber- 
man (5) The ^ fraction was assayed for dehydroepiandrosterone by 
the method of Allen et al (6) 

Chromatography of Corticosteroids — ^The non-ketomc fractions of the 
three ciude extracts were chromatographed separately on columns of silica 
gel (7) at a steroid to adsorbent ratio of 1 200 The columns w ere devel- 
oped with increasing concentrations of ethanol (from 0 2 to 25 0 per cent) 
m methylene chloride Suitable non-ketomc fractions from the silica gel 
columns and ketomc fi actions from the Florisil columns were finally chro- 
matographed on paper In all cases, 6 by 24 inch strips of '\^Tlatman No 1 
filter paper w'ere used, permitting simultaneous chromatogiaphy of multi- 
ple reference steroids The solvent systems (8) employed w ere Bs (benzene 
500 ml , methanol 250 ml , w^ater 250 ml ), NBi (2,2,4-trimethyIpentane 
250 ml , toluene 250 ml , methanol 350 ml , w'ater 150 ml ), NB2 (2,2,4-tri- 
methylpentane 165 ml , toluene 335 ml , methanol 300 ml , winter 200 ml ), 
El (2,2,4-trimethylpentane 500 ml , methanol 450 ml , w^ater 50 ml ), E2B 
(2,2,4-trimethylpentane 500 ml , fcr/-butanol 250 ml , Avater 450 ml ), and 
E4 (2,2,4-tnmethylpentane 500 ml , /cr/-butanol 225 ml , methanol 225 ml , 
water 50 ml ) Steroids iveie detected on paper chromatograms by scan- 
ning with ultraviolet hght and staming wnth triphenyltetrazolium h3'^dro- 
chloride (TPZ), sodium hydroxide m methanol (9), 4 per cent phospho- 
molybdic acid in absolute ethanol and 15 per cent phosphoric acid 

(10) solutions 
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Other Methods — ^ForBialdehyde and acetaldeliyde deteraunatxons were 
performed by the method of Cox (11) A modification (4) of the Nelson 
and Samuels method (12) for the determmation of Porter-Silber chromogens 
(13) was employed 17-Ketosteroids were assayed by a procedure pre- 
viously reported (14) The sulfuric acid (15, 16) and 2,4-dmitrophenyl- 
hydrazine (17) chromogen spectra were determined with a Beckman DU 
spectrophotometer Meltmg pomts were obtamed on a Fisher-Johns 
apparatus and are reported uncorrected 

Results 

Plasma Corticosteroids — ^The level of free Porter-Silber chromogens was 
24 7 7 per 100 ml of plasma and of conjugated, 52 3 7 per 100 ml of 
plasma (normal range m this laboratory, 4 0 to 12 0) The determma- 
tion was repeated 1 day later and the levels were found to be 26 2 and 
32 6 7 per 100 ml of plasma Each extract was chromatographed on 
paper m the solvent system Bb of Bush A smgle steroid was detected 
m the free fraction, identical with Substance S in mobfiity and staining 
characteristics A smgle steroid detectable m the conjugated fraction 
was identified as tetrahydro S by the same critena 

Ketonic G 21 Steroids in Unne 

Isolation of Tetrahydro S — ^The ketomc fraction of “Glucuromdase Ex- 
tract II” weighed 728 mg and contamed 172 mg of Porter-Silber chromo- 
gemc and 193 mg of formaldehydogemc material 165 mg of material 
measured by the Porter-Silber reaction were eluted from Flonsil with 10 
per cent methanol m chloroform This amorphous material, containmg 
considerable pigment, was chromatographed on thirty sheets of paper in 
system Bb A smgle steroid of the polarity and with the stammg charac- 
teristics of tetrahydro S appeared to be present The eluted substance 
was similar to tetrahydro S m chromatographic behavior m solvent systems 
NBz, E2B, and E4 One-fifth of the eluted steroid was chromatographed 
on a column of sihca gel Crystalhne material was eluted with 4 5 per 
cent ethanol m methylene chloride Several recrystallizations from meth- 
anol yielded 26 mg of steroid with a constant meltmg point of 184-185° 
The meltmg pomt was not depressed by admixture of authentic tetrahydro 
S 12 mg of the steroid and 0 8 mg of authentic tetrahydro S v ere 
separately acetylated with acetic anhydride m pyridme at room tempera- 
ture for 16 hours Chromatographed on paper m system Ei, both were 
shovm to consist of an identical mixture of a monoacetate and diacetate 
Acetylation was repeated, crystalhzation from ethanol yielded in each 
mstance a product meltmg at 200-204°, mixture m p 200-204°, reported 
melting pomt of 3Q:,21-diaceto\ypregnan-17a-ol-20-one 201-206° (18) 
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The sulfuric acid chromogen spectrum of both the free alcohol and the 
diacetate consisted of a peak between 310 and 315 mij. and a plateau ex- 
tendmg from 400 to 430 m/x Infrared spectroscopy of the acetylated 
compound m caibon disulfide levealed carbonyl-stretching bands at 1753, 
1736, 1240, and 1230 cm The fingei print bands were identical to those 
of 3Q:,21-diacetoxypregnan-17a-ol-20-one Identity of the compound was 
further established by oxidation with chromium trioxide in glacial acetic 
acid Paper chromatography of the oxidized product in solvent sj’^stem 
El demonstrated a substance with the mobility, staimng charactenstics, 
and sulfuric acid chromogen spectium of etiocholane-3 , 17-dione 

Paper chromatography of the ketomc fi action of Free Extract I (weight 
12 1 mg , Porter-Silbei chromogens 1 0 mg , foimaldehydogenic compounds 
3 0 mg ) led to the recovery of 0 5 mg of tetiahydro S Chromatography 
of the ketomc fraction of Acid Extiact III (weight 154 mg , Porter-Silber 
chromogens 17 6 mg , foimaldehydogenic compounds 30 0 mg ) yielded an 
additional 15 mg of the same steroid The ketomc fractions of the three 
crude extracts, accordmgly, contained approximately 180 mg of tetrahydro 
S By calculation, the excretion of this steroid in the urine averaged 24 
mg per liter or 18 mg per 24 houis 

Isolation of Telrahydrodesovycorhcosterone — On the multiple paper chro- 
matograms of the 2 pel cent ethanol fi actions obtained from Florisil chro- 
matography of Glucuionidase Extract II, mateiial stained bj’- TPZ and 
less polar than tetiahydro S w^as also detected m small amount The 
appropriate zones weie eluted with methanol, combined, and chroma- 
tographed on foui sheets of paper in solvent system NB2 In this system 
the material wms completely separated fiom traces of tetrahydro S Like 
tetiahydro S it did not absorb ultraviolet light or react with sodium hy- 
droxide in methanol, how^ever, it stained intensely wuth TPZ aftei heating 
at 90° (19) On heating wuth the phosphoric acid reagent, a pink fluores- 
cence was visible in ultraviolet light 4 5 mg of formaldehydogemc 
material along wuth considerable pigment wmre eluted from paper with 
methanol It was chiomatogiaphed on paper in solvent system Ei, m 
which system it migrated more rapidly than desoxycorticosterone Again 
eluted from paper it wms chromatographed on a column of 4 gm of sibca 
gel The column was developed wuth inci easing concentrations (from 0 2 
to 10 0 per cent) of ethanol in methylene chloride Crystalline material 
was eluted at ethanol concentrations betw'eeii 1 5 and 2 0 per cent After 
recrystalhzation from mixtures of methanol-methylene chloride, 3 2 mg 
of fine ciystals were recovered wdiich melted at 150-153° A sample of 
authentic pregnane-3Q;,21-diol-20-one melted at 152-153°, mixture mp 
150-152° The two w'ere identical by paper chromatography in solvent 
systems NB2 and E4 The sulfuric acid chromogen spectrum consisted of 



W R EBERLEIN AND A M BONGIOVANNI 


89 


a peak at 320 mju and a plateau extending from 380 to 400 mju The 
steroid reacted with 2,4-dinitrophenylhydrazine to yield an orange product 
with maximal absorption at 495 m/Lt 0 5 mg of the steroid was acetylated 
with acetic anhydride m pyridine at room temperature for 16 hours and 
subsequently chromatographed on paper in system Ei A zone was de- 
tected at 36 3 to 38 2 cm from the origin, compared to 21-aceto\ypregnan- 
17a-ol-3,20-dione at 2 5 to 5 6 cm and 3a,21-diacetoxypregnan-17Q:-ol-20- 
one at 18 3 to 21 8 cm , simultaneously chromatographed The mobility 
of the acetate was identical with that of 3a,21-diacetoxypregnan-20-one 

By infrared spectrometry the acetylated steroid was identical with 
authentic 3Q:,21-diacetoxypregnan-20-one Identity was further estab- 
lished by oxidation with chromium trioxide 0 5 mg of steroid was treated 
with 1 0 mg of chromium trioxide m 2 0 ml of glacial acetic acid at 45° 
for 1 hour The mixture was adjusted to pH 110 with 4 0 n NaOH and 
extracted with methylene chloiide The aqueous phase was adjusted to 
pH 1 0 with 40 per cent H2SO4, and the mixture was extracted with ether 
The ether phase was washed with watei, dried over anhydrous Na2S04, 
and evaporated Several recrystalhzations of the 5’-ellowish residue from 
mixtures of acetone, ethanol, and 2,2,4-trimethylpentane led to the isola- 
tion of 0 2 mg of white crystals melting at 142-145° The melting point 
was not depiessed by admixture of authentic 3-ketoetiamc acid, mp 
144-147° 

Partial Characterization of Other Ketonic Cn Steroids — Trace amounts of 
material were eluted m the later fractious during Florisil chromatography 
of ketonic extracts I to III These were combined, successive!}'’ chroma- 
tographed on paper m solvent systems B5 and E2B, and finally, after acetj'^- 
lation, m systems NBi and Ei Several apparently pure steroids weie 
isolated and partially characterized by melting point, sulfuric acid chromo- 
gen spectrum, and degradation studies Because of the small quantity 
and lack of reference standards, none could be completely identified, but 
all appeared to lack an oxygen function at C-11 by the phosphoric acid- 
staimng method No traces of the normal urinary metabolites, pregnane- 
3a: , lljS , 17a , 21-tetrol-20-one and pregnane-3a , 17a , 21-triol-l 1 , 20-dione, 
were found 


Non-Ketonic Czi Steroids in Urine 

Isolation of Pregnane-3a,17a,20^,21-tetrol — 69 2 mg of semicrystalhne 
material were eluted with 6 per cent ethanol in methylene chloride during 
silica gel chromatography of the non-ketonic fraction of Glucuronidase 
Extract II This fraction contained 45 0 mg of formaldeh3'dogenic ma- 
terial and failed to react vath either blue tetrazohum or the Porter-Silber 
reagent Attempts at crj^stalhzation vere unsuccessful ISO mg of 
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steroid, as measured by the periodate reagent, were chromatographed on 
four sheets of paper m system Bs No material was detected with ultra- 
violet light, TPZ, or sodium hydroxide in methanol The phosphomolyb- 
dic acid reagent stained a zone 12 5 to 15 0 cm from the origin, compared 
to hydrocortisone at 9 4 to 12 6 cm and tetrahydro S at 22 5 to 25 0 cm 
The zone reacted vuth phosphoric acid and heat to produce a violet color 
with pmk fluorescence in ultraviolet light The same reagent stamed 
faintly a second zone 25 0 to 28 9 cm from the starting Ime Matenal 
m the less polar zone was found not to be formaldehydogenic and v as set 
aside for future study The moie polar zone was eluted mth mixtures of 
methanol and ethyl acetate It was chromatographed on a column of 10 
gm of sihca gel and eluted in a semicrystalhne state with 7 5 per cent etha- 
nol in methylene chloride These fractions were combined, leached wth 
acetone, and recrystallized from ethanol to yield 14 5 mg of colorless 
crystals which softened slightly at 239°, solidified at 245°, and melted at 
25^258° 


CoiHjcO* Calculated, C 71 70, H 10 24, found, C 71 10, H 10 20 

A solution of the steroid m concentrated sulfuric acid produced an im- 
mediate pmk color which gradually turned oiange, the absorption spectrum 
consisted of a small peak at 350 m^ and tvo major, equal peaks at 445 m;i 
and 515 m/a Addition of tap water to the acid solution produced an eva- 
nescent bright rose color, as has been noticed to occur v ith other steroids 
possessing vicmal hydroxyl groups at C-17 and C-20 4 5 mg of steroid 

were acetylated vuth acetic anhydride in pyridine and chromatographed 
on papei in system Ei Two zones nere detected with phosphonc acid, 
one (16 2 to 19 2 cm from the staiting line) at the position of 3a,21-di- 
acetoxypregnan-17a-ol-20-one (16 0 to 18 6 cm ) and the second nearer 
the solvent front (32 7 to 36 4 cm ) Both possessed an identical sulfuric 
acid chromogen spectrum (peak at 310 mu and lesser plateaus extending 
from 380 to 400 m/i and from 430 to 440 m^i) The more polar zone nas 
eluted Repeated acetylation and chromatogiaphy demonstrated that this 
substance was an incompletely acetylated foim of the less polar acetate 
The polyacetate was eluted from paper and chromatographed on 2 0 gm 
of silica gel, from which it was eluted vuth 0 4 per cent ethanol in methyl- 
ene chloride It was recrystallized from acetone-2, 2, 4-trimeth3dpentane 
mixtures The small wRite crystals became transpaient at 75-80° and 
melted at 147-151° Infrared spectroscopy of the acetylated compound 
in carbon disulfide and chloroform solution show'ed the presence of a free 
hydroxyl group and the G=0 and G — 0 bands chaiacteristic of acetate 
groups The absorption bands in the fingeiprint region differed from those 
of any steroid in the collection at the Sloan-Kettermg Institute for Cancer 
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Research The spectrum was consistent with either of the isomers of 3a;,- 
205 , 21-triacetoxypregnan-17Q:-ol 

Smce no reference standard was available, it was necessary to degrade 
the compound to a known 17-ketosteroid Penodate oxidation yielded a 
17-ketosteroid identical with etiocholan-3a:-ol-17-one m chromatographic 
properties and sulfuric acid chromogen spectrum The compound was 
also oxidized with chromium trioxide m glacial acetic acid and the product 
was chromatographed on paper m solvent system Ei Tetrahydro S and 
etiocholan-3a-ol-17-one were carried through the same procedure A 
smgle steroid of the polarity and havmg the sulfuric acid chromogen spec- 
trum of etiocholane-3 , 17-dione was found m each mstance Configuration 
of the hydroxyl group at C-20 has not yet been estabhshed 

Isolation of Pregnane~Sa,20a-diol — ^Pregnane-3a;,20a:-diol was isolated 
from the 2 per cent ethanol fractions durmg silica gel chromatography of 
the non-ketomc fi action of Glucuromdase Extract II After leachmg with 
acetone and recrystalhzation, 14 0 mg of steroid were recovered Acety- 
lation yielded a substance identical to pregnane-3Q: , 20a;-diol diacetate by 
infrared spectroscopy 

Isolation of Pregnane-Sa,17a,20a-tnol — This compoimd, present in the 
non-ketomc fraction of Glucuromdase Extract II, was eluted from the sil- 
ica gel column with 5 per cent ethanol in methylene chloride Acetalde- 
hyde was hberated by periodate oxidation Identification was based upon 
the chromatographic properties and sulfuric acid chromogen spectrum of 
the steroid The subject excreted an average of 6 6 mg of pregnane-3Q!,- 
17Q:,20a:-triol pel 24 hours, as measured by a method previously reported 
( 20 ) 

Isolation of Urinary 17-Ketosteroids — ^The ketomc fractions of the three 
crude extracts contaming 17-ketosteroids, eluted from the Florisd columns 
with chloroform and 2 per cent methanol m chloroform, were combmed 
and weighed 370 mg By assay with the Zimmermann reagent this ex- 
tract contamed 225 mg of 17-ketosteroids 55 mg of Zimmermann-react- 
ing material were treated with digitomn, the precipitate was recovered, 
hydrolyzed vuth pyridine, and assayed colorimetncally By the Allen 
method the crude extracts were found to contam a total of 6 2 mg of 
dehydroepiandrosterone One-half of the non-precipitable, a fraction v as 
chromatographed on alumma Only two 17-ketosteroids were recovered 
and identified by infrared spectroscopy, androstan-3Q:-ol-17-one (4 2 mg ) 
and etiocholan-3Q’-ol-17-one (15 2 mg ) No material was eluted in those 
fractions normally contaimng 17-ketosteroids ox3’’genated at C-11 B3'' 

calculation, 152 0 mg of etiocholan-3Qr-ol-l7-one and 43 0 mg of androstan- 
3a-ol-l7-one were present m the combmed extracts 

Steioid Excretion during Hydrocortisone Administration — Urme was col- 
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lected from the same subject 8 weeks after imtiation of treatment with 
hydrocortisone (40 mg per day) at a time when the blood pressure was 
normal 500 ml of urme w ere mcubated with ^-glucuronidase, extracted 
with methylene chloride, and chromatographed on paper in soh ent sj-stem 
Bs The major zones were detected with TPZ and consisted of tetrahydro 
E and tetrahydro F, identified bj' position, staining characteristics, and 
sulfuric acid chromogen spectra Two smaller zones were identified as 
pregnane-11/3 , 17a , 21-tnol-3 , 20-dioiie and pregnane-l7a , 21-diol-3 ,11,20- 
trione b}’’ the same critena 


DISCUSSION 

The major C 21 steroids present in the urine of a subject with congemtal 
adrenal hj’perplasia and hj’pertension were tetrahjdro S, pregnane-3a,- 
l7Q:,205,21-tetrol, pregnane-3a,17a,20a:-tnol, and pregnane-3a,20a-diol 
Reichstem’s Substance S and tetrahydro S w ere detected in the peripheral 
blood Tetrahydro S has preiiousl}'- been isolated from urme in cases of 
adrenal tumor (18, 21) and after the administration of Substance S (22) 
Pregnane-3ct,l7a,205,21-tetrol has not previouslj’’ been described By 
analogy with the recently discovered transformation products of hydro- 
cortisone and cortisone (23), it is considered to be a metabolite of Substance 
S Pregnane-3a,17a,20a:-tiiol has been showm to be a metabolite of 17- 
hydroxjTii ogesterone (24, 25) but has also been isolated from urme follow- 
ing the admmistration of pregnane-17Q:,21-diol-3,20-dione (26) Accord- 
ingly, since the latter is a metabolite of Substance S, some of the pregnaiie- 
3a,17Q',20Q:-triol found m this urme may also bo denied from Substance 
S Piegnane-3a:,21-diol-20-oiie has been found m human urme only after 
the admimstration of desoxycorticostei one (22) Desoxycorticosteroiic 
might be the precursor of the pregnane-3Q;,20a-diol excieted by this siirgi- 
call 3 '- castrated subject, since this coiwersion has been demonstiated vi vivo 

(27) Origin of the major 17-ketosteroid isolated from the mine, etio- 
cholan-3a-ol-17-one, is uncertain Excretion of this compound has been 
reported m some instances to use after the administration of Substance S 

(28) It may be similarlj’- deiived m this subject 

The findings of the present studj’’ diffei stiilangly fiom what has been 
desciibed m noimoteiisive subjects with congenital adienal lij^ici plasm 
In the latter, the Poiter-Silbei chiomogen lei els of plasma aic usuallj’’ low 
(25, 29) 111 spite of mci eased endogenous adienocoiticotiopm pi educ- 
tion (30), the metabolites of hj’^diocortisone aie found 111 the mine 111 only 
small amount (31) Theie is chaiacteiistically a gieatlj'’ mcieasod e\- 
cietion of piegnane-3Q:,17a,20a:-tiiol (31) and of ll-oxj’^genated 17-keto 
steroids (31) Such findings haie stionglj'’ suggested (25, 31) a block in 
the sjmtliesis of hydrocoi tisone by the adienal coitex betiveen l7-hydro\j'- 
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progesteione and Substance S, according to the scheme of Hechtei and 
Pmcus (32), due to deficiency of adienal “21-hydroxylase ” 

In marked contiast, this subject, although also tmable to sjmthesize 
hydiocortisone as proved by the absence of hydrocortisone or its metabo- 
lites m the blood and mine, vas able to synthesize Substance S in large 
amount The metabohtes of Substance S, lathei than pregnane-3Q:,17£^;,- 
20 Q:-tllol veie piedominant in the uime No 11 -oxygenated C 19 or C 21 
steioids weie detected Accoidmgly, m this subject there uould appear 
to be a specific and essentially complete deficiency of the adienal enzyme 
or enzyme complex concerned vuth hydroxylation of the steroid molecule 
at C -11 lather than at C -21 Theie is reason to believe that the ad- 
renocortical enzjmie “H/3-hydio\ylase,” first described by Hayano, Dorf- 
man, and Yamada (33) may be characteiistically deficient m the s 5 mdiome 
of congemtal adrenal hypeiplasia complicated by hypertension Chroma- 
tography of the 17-ketosteroids excreted by a similar subject revealed, 
precisely as in the piesent study, a preponderance of etiocholan-3a-ol-17- 
one and the absence of any ll-o\ygenated steroids ^ 

SUMlMARy 

Steroids with the propeities on paper chromatograms of Reichstein’s 
Substance S and of tetrahydro S ivere detected m the peripheial blood of 
a subject with congenital adrenal hyperplasia and hypertension Tetra- 
hydro S, pregnane-3a,21-diol-20-one, pregnane-3Q:,l7a,20|,21-tetrol, preg- 
nane-3Q:,17a,20a:-triol, and pregnane-3a,20a-diol were isolated from the 
urme and characterized The predommant 17-ketosteroid in the urme 
was etiocholan-3a:-ol-17-one No H-oxygenated C21 or C19 steroids were 
detected m either the blood or urme The abnormal steroid metabohtes 
disappeaied from the urme durmg adimmstration of hydrocortisone 
These findmgs suggest an essentially complete deficiency of adrenal “11/3- 
hydroxylase” in the hypertensive form of congemtal adrenal hypeiplasia 

The authors are mdebted to Dr Thomas F Gallagher for infrared 
spectroscopy of C 21 steroids and to Dr Seymour Lieberman for examination 
of 17-ketosteroids Dr Joseph Touchstone and Professor K Junkmann 
generously donated steroids Mr Frank Rosalia rendered techmcal as- 
sistance 
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THE METABOLISM OF HYDROXYPROLINE-a-Ci^ IN 
THE INTACT RAT RADIOACTIVITY IN 
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Since hydroxypiohne constitutes 13 per cent of coUagen, and collagen- 
like extracellular protein has been estimated to form about 40 per cent of 
total body protein (1), hydroxyprohne, being therefore over 5 per cent of 
body protein, lepiesents an impoitant dietaiy constituent in carmvores 
That its metabohsm has not received much attention may be due to its 
umque pioperty of being located almost exclusively in collagen, a protein 
having practically no turnover (1) Hence, it is considered to be a struc- 
tural rather than a functional amino acid that, once laid down in protein, 
wiU not reappear again in the orgamsm 
Hydroxyprohne has long been known to be glycogemc (2) Stetten (3) 
has shovTi that hydroxyprohne is extensively metabohzed m a manner 
different from that of prohne Womack and Rose (4) demonstrated that 
it was not converted to argimne, although prohne was to some extent 
Gianetto and Bouthilher (5), with C^Mabeled hydroxyprohne, found labeled 
glutamic and aspartic acids as products of hydroxyprohne metabohsm 
In the present study, alamne was shonm to be the principal labeled 
ammo acid, and is derived from hydroxyprohne m a fairly direct manner 
It was concluded that aspartic and glutamic acids are the products of a 
second catabohc pathway, with aspartic acid situated closer to hydroxy- 
prolme than glutamic acid 


EXPERIMENTAL 

Measurements of Radioactivity — Whenever pure, crystalhne compounds 
m sufficient quantity were obtained (Tables III and V), radioactivity was 
deterrmned by combustion to carbon dioxide m a Pregl microcombustion 
apparatus The amount of gas was measured manometrically and the 

* This investigation was supported by grant No A493 from the National Insti- 
tute of Arthritis and Metabolic Diseases, United States Public Health Service, and 
by United States Atomic Energy Commission contract No AT(ll-l)-67 vith the Um- 
versity of Illinois Presented in part at the Fortieth annual meeting of the Federa- 
tion of American Societies for Experimental Biology at Atlantic City, April, 1956 
t Present address, Perris Institute, Big Rapids, Michigan 
f Present address. Isotope Specialties Company, Inc , Burbank, California 
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METABOLISM OF HYDROXYPROLINE 


radioactivity assayed by a vibrating reed electrometer, as previously de- 
scribed (6) Rat tissue and unne (Table II) were converted to carbon 
dioxide by a wet combustion method with the Van Slyke-Folch mixture 
(7) For fractions eluted from column or paper chromatograms, an in- 
ternal gas flow counter was used, uuth samples spread on planchets A 
conversion factor from one instrument to the other was obtained by the 
use of a planchet contaimng a standard amount of radioactivity 
Djj-Hydroxyprohne-a-C ^^ — Diethyl malonate-2-C^'‘, obtained from the 
Nuclear Instrument and Chemical Corporation (3 mmoles), diluted to 
6 mmoles vuth non-radioactive diethyl malonate and dissolved in diethyl 
carbonate (30 ml ), was added to dry sodium ethoxide (6 mmoles) The 
mixture was stirred for 10 minutes, evaporated nearly to dryness under 
reduced pressure, and dissolved in 20 ml of diethyl carbonate The re- 
sulting sodiodiethyl malonate was made to 'react vath 3-phthahimdo-l,2- 
epoxypropane by the method of Gaudry and Godin (8), diethyl carbonate 
being substituted for ethanol as the solvent 
The 2-carbethoxy-5-phthalmudo-4-valerolactone produced was chlorin- 
ated without prior isolation by heating to 70° vuth 0 9 ml of sulfuryl chlo- 
ride m 15 ml of glacial acetic acid for 2 hours The acetic acid and excess 
sulfuryl chloride were removed under reduced pressure, and the oily residue 
was hydrolyzed by refluxing with 20 ml of glacial acetic acid and 20 ml 
of concentrated hydrochloric acid for 3 hours The two acids were removed 
under reduced pressure, the residue was dissolved m water, and phthalic 
acid filtered off The filtrate was neutralized with barium hydroxide (1 2 
gm ), and an excess of barium hydroxide (1 2 gm ) was added This rmx- 
ture was refluxed 6 hours and filteied cold, the filtrate being neutralized 
with hydrochloric acid and passed thiough a short colunm of ion exchange 
resin Amberhte IR-120 in the acid form Hydroxypiolme was eluted from 
the column vuth 200 ml of 2 n ammonia and the eluate taken to dryness 
under reduced pressure The residue was dissolved m water and refluxed 
for 1 hour mth an excess of copper carbonate This mixture was filtered 
hot and the volume reduced to 1 ml zn vacuo The copper salt of dl- 
hydroxyprohne crystalhzed and was filtered and washed tince vith 1 ml 
portions of cold water The crystals were dissolved in dilute acetic acid 
and the copper salt was decomposed with hydrogen sulfide The copper 
--^ulfide was removed by filtration, the filtrate evaporated to 1 ml under re- 
duced pressure, and ethanol added until precipitation just began Upon 
coohng, DL-hydroxypiohne-a-C^^ crystalhzed and was recrystalhzed m a 
simu^'^manner, mp 238-250°, specific activity 664 yc per rmlhmole, 
yield 154 3 mg or 17 1 per cent Specific activity of the copper salt was 
668 )ic p^milhmole, while an isotope dilution assay of the nn-hydroxypro- 
hne gave a specific activity of 655 /ic per milhmole Paper chromatog- 
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raphj’’ and ladioautogiaphy of the coppei salt shoA\’'ed the presence of a 
small amount of DL-allohydioxyproline-cc-C^^ (4 8 per cent) 

T>h-Allohydi ovypi ohne-a-C^^ — This compound AA'^as isolated as the copper 
salt aftei ciystals of the DL-hydioxyprohne copper salt AA'^ere removed 
(see aboA’’e) The coppei salt of the alio isomer Avas treated in the same 
AA'ay as that of the natuial isomer and yielded the fiee allohydroxyprohne- 
AA'hich AA^as isolated in a similar manner to the natural compound 
Isolation Methods — Rat I and Rat II (both male albino, 190 gm ) Avere 
injected intiapeiitoneally AAuth DL-hydioxypiohne-a-C^^ (15 0 mg ) and 
DL-allohydroxypiolme-a-C^'* (15 1 mg ), dissolved m 2 ml of saline, respec- 
tively, and placed in separate glass metabolism cages Expired carbon 
dioxide AA^as collected in alkah at regular intervals, precipitated as barium 
carbonate, and assayed for radioactivity Urine AA'as also collected and 
assayed After 4 hours and 20 minutes (Rat I) and 3 hours and 50 minutes 
(Rat II), the tivo rats AA^eie killed by decapitation and bled The hvers 
(6 4 gm , Rat 1,7 0 gm , Rat II) AA'ere cleaned, homogemzed AAuth 15 ml 
of a 10 pel cent tiichloioacetic acid, then suspended in acetone, and finally 
in ether, yielding dry protein (1 425 gm , Rat I, 1 496 gm , Rat II) The 
remainder of the tAAm carcasses AA^as saved and radioactivity of samples of 
the muscle and tendon protein from both rats AA’^as measured Radioac- 
tivity of liver protein, the trichloroacetic acid filtrates (“non-protem frac- 
tion”), and the acetone and ethei extracts (“fat-soluble fraction”) Avas 
measmed Glycogen AA^as isolated by alcohol precipitation from the first 
trichloroacetic acid filtiate, and assayed 
The hver protein of each of the tAAm rats Avas dmded into tAVO fractions, 
and each fraction AA^as hydrolyzed for 24 hours AAuth 6 n hydrochloric acid 
(35 ml) The first fraction (A) from each rat AA^as hydrolyzed m the pres- 
ence of carriei quantities of glutamic acid, aspartic acid, prohne, hydroxy- 
prohne, and glycine Fraction B from each rat AA^as hydrolyzed Avithout 
addition of carrier anuno acids After hydrolysis, the excess of hydro- 
chloric acid AA^as removed from all four fractions under reduced pressure, 
and each fraction AA’-as decolorized AAuth charcoal The tAVO B fractions AA’-eie 
made up to 10 ml Avith 60 per cent ethanol and used m chromatography 
and radioautography Ion exchange resin Amberhte IRA-400 m the hy- 
droxyl form Avas added to the A fractions to pH 7 0 Glutannc and as- 
partic acids Aveie absorbed by the resin, Avhile the other anuno acids re- 
mained in the filtrate (filtrate 1) The tAvo acidic ammo acids Avere eluted 
AAuth dilute hydrochloric acid Glutamic acid hydrochloride AAas cia's- 
taUized from a concentrated hydrochloric acid solution Aspartic acid 
Avas precipitated as the copper salt Radioactnuty of the free acids as 
Avell as their salts was measuied Phenylhydantom deiiA’’atiA'’es AAeie 
prepared as previously described (6) 
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Filtrate 1 was passed through a column of Amberhte IRC-50 resm at 
pH 4 4 to remove the basic aimno acids The eluate from this column 
(eluate 2), contaimng the neutral ammo acids, was concentrated to dryness 
undei reduced pressure, and made up to 10 ml with hydrochloric acid 
(0 25 n), and prohne ivas precipitated as the rhodamlate by the method of 
Bergmann (9) The salt was isolated and assayed for radioactivity Tbe 
phenylhydantoin deiivative was prepared and assayed After the removal 
of the prohne ihodamlate, the hydroxyprohne reineckate was prepared and 
isolated (9) The salt was decomposed with pyridine and hydrox 3 rproline 
recrystalhzed from water ^vlth the gradual addition of alcohol and assayed 

Alanine, glycine, and serine were isolated by chromatographing the B 
fi action (protein hydrolysate without carrier) on a Dowex 50-X8 (200-400 
mesh) resin column, identical with that used in expeiiments previously 
descnbed (10) Elution was effected by 2 N hydrochloric acid Radio- 
active fractions were further purified by chromatography on large sheets 
of filter paper and elution of the bands of the respective compounds No 
appreciable amounts of radioactivity v ere found in any armno acids other 
than those shown in Tables III and V Foi assay, degradation, and prep- 
aration of derivatives, the eluted radioactive compounds weie mixed with 
non-radioactive carrier 

Unne and the trichloroacetic acid-soluble, non-protem hver fraction v ere 
each subjected to two-dimensional paper chromatography Radioautog- 
raphy revealed the prmcipal ladioactive metabolites 

Degradation Experiments — Glutamic and aspartic acids, after dilution 
with carrier, were degraded as previously descnbed (6) 

Alamne (16 3 mg ) was degraded in an aqueous solution contaimng 200 
mg of citiate buffer, pH 2 5, and 200 mg of ninhydrin The mixture was 
boiled for 5 minutes and the evolved gases w ere sv ept vuth helium into 
two traps cooled with hquid mtrogen Sweeping was continued for 15 
imnutes The traps, being part of a vacuum hne, weie then eiacuated 
to 10“'* mm mercuiy and their contents distilled at loom temperature into 
a vessel contaimng dinitrophenylhydrazine (37 mg ) in glacial acetic acid 
(2 ml ), cooled wnth liquid mtrogen, and also evacuated When the dis- 
tillation was complete, the vessel w'as closed off and w'armed to room tem- 
perature, and the contents w^ere stirred with a magnetic stirrer foi 1 hour 
The vessel was then again cooled wnth liquid nitrogen and the carbon di- 
oxide distiUed into an evacuated gas bulb cooled with liquid mtrogen by 
raising the temperatuie surrounding the vessel to — 100° The amount of 
carbon dioxide in the gas bulb wms measured manometrically and its radio- 
activity determined on the electrometer The vessel contaimng the dim- 
trophenylhydrazone of acetaldehyde wms warmed to room temperature, 
detached from the vacuum hne, and the precipitate removed by filtration 
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It Avas reciystallized twice from ethanol and assayed for carbon and for 
ladioactmty 

Glycine was degiaded on the vacuum hne m a manner identical to that 
used for alanine, except that only the carbon dioxide was SAvept out of the 
leaction vessel The formaldehyde remaimng was transformed into the 
dimedon derivative and puiified by crystalhzation from ethanol for assay 

EESULTS AND DISCUSSION 

Radioactivity in Expired Air, Liver, and Urine — The actiAuty in expired 
carbon dioxide AA'^as surprisingly high (Table I), almost twice the A’-alue ob- 


Table I 


Radioactivity in Expired Carbon Dioxide 
The dose injected was 73 4 /ic of DL-hydroxyproline (Rat I) and 73 8 /xc of dl- 
allohydroxyproline (Rat II) , specific activity, 664 /xc per millimole 


Tunes 

of 

collection 

Rati 

Rat II 

Activity 

Per 

cent 

of 

dose 

Specific 

activity 

Actu ity, 
cumulatne 

Per cent 
of dose, 
cumu- 
lative 

Activity 

Per cent 
of dose 

Speci 

fic 

activ- 

ity 

Activity, 

cumu 

lative 

Per cent 
of dose, 
cumu- 
lative 

hrs 

flC 


lie per 
mmole 

ilC 


flC 


lie per 
mmole 

fXC 


1 

5 544 

7 6 

0 413 

5 544 

7 6 

2 442 

3 3 

0 214 

2 442 

3 3 

2 

5 916 

8 1 

0 510 

11 460 

15 6 

3 024 

4 1 

0 304 

5 466 

7 4 

3 

3 438 

4 7 

0 336 

14 898 

20 3 

2 064 

2 8 

0 214 

7 530 

10 2 

31 






1 178 

1 6 

0 143 

8 708 

11 8 

4* 

2 638 

3 6 

0 253 

17 536 

! 23 9 

0 238 

0 3 

0 143 

8 946 

12 1 

41 

0 878 

1 2 

0 253 

18 414 

25 1 



i 

1 




* Calculated value 


tamed with DL-histidme-a-C^^ in 4 hours (6), and showed only a gradual 
levehng off towards the end of that period This effect may be due to the 
dual metabohc pathway of hydroxyprohne through alamne and through 
aspartic and glutamic acids, as postulated below The ammal which re- 
ceived allohydroxyprohne appeared to expire only about half the actmty 
in carbon dioxide m the same time (Table I), a fact in accord Avith the ab- 
sence of the alamne pathway for allohydroxyprohne 
The data in Table II reveal the incorporation of radioactmty into hvei 
fractions and urme The incorporation of activity mto glycogen is com- 
paratively high, reflectmg, no doubt, the pathway to alanme which, hy 
transamination to pyruvate, would readily connect to glycogen It is 
significant that here, agam, the glycogen value for the animal giA’^en the 
alio form is about one-half that for the ammal receivmg the natural isomer 
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The lelatively high activity in the hver non-protem fraction is due partly 
to hydroxyprohne and paitly to one major metabolite, so far umdenti- 
fied, as revealed by paper chromatography {Rf m phenol-water, 0 32, in 
lutidine-water, 0 58) It differs fiom 7-hydroxyglutamic acid (11) and 
from 7-hydroxyormthme (12), noi did it show leactions characteristic for 
7-hydroxyglutamic semialdehyde or hydroxypyrrohnecarboxylic acid 
The majoi portion of activity (about 30 per cent) in the urine, apart 
fiom hydioxyprolme, was centered m one metabolite {Rf in phenol-ivater, 
0 73, in lutidme-water, 0 66), different from the liver metabolite men- 
tioned above and diffeimg also fiom 7-hydro\yglutamic acid, 7-hydro\7' 
ornithine, and acetoacetic acid It was fomid to be unstable m acid solu- 
tion and slightly volatile Preliminaiy observations shoved it to be 

Table II 
Gross Meiabobsm 

The dose in]ected was 73 4 tic of DL-hydro\yprolme (Rat I) and 73 8 tie of dl 
allohydro\j proline (Rat II) , specific activit 3 '-, 664 fic per millimole 


Tnction 

Rat I 

Rat II 


Ter cent of dose 

Activity 

Per cent of dose 

Liver protein 

tic 

0 523 

0 71 

fic 

0 308 

0 42 

“ non-protein 

1 455 

1 99 

1 1015 

1 59 

“ fat-soluble 

0 109 

0 15 

0 063 

0 09 

“ glycogen 

0 220 

0 30 

0 120 

0 16 

Urine 

13 970 

19 10 

22 470 

30 50 


identical with pyirole-a-caibo\ylic acid, already knovm as the product of 
D-ammo acid oxidase and catalase action on n-hj’^dioxyprolme (13) De- 
tails of these and fuithei expeiiments vuth the unnaiy metabolites will be 
the subject of a futuie publication 

It IS notewoithy that the mine of the animal which received the alio 
form had more than tv ice the activity of the animal receiving the natural 
isomer, in view of the fact that all othei fractions exanuned (carbon dioxide, 
glycogen, protein, etc ) had much lower activities 

Hydroxyprohne excreted in unne was isolated by chromatography on 
the Dowex 50-X8 column described in the experimental section above 
It was assayed for the amount of hydroxyprohne piesent (0 06 mg per ml 
of urine) by the method of Troll and Caiman (14), and for radioactivity, 
and showed a specific activity (471 juc per nulhmole) not much lower than 
that of the hydroxyprohne injected (664 fic per millimole) This finding 
IS 111 support of the conclusion of Stetten ( 3 ) that hydroxj^prohne m vtvo 
IS derived from prohne by hydroxylation in a peptide-bound form, so that 
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no free hydioxypioline would exist to dilute the radioactive compound 
Very little hydroxyprohne would be derived from catabohc reactions of 
protein, since collagen, the only piotem known to contain hydroxypiohne, 
has practically no turnover (1) Experiments are under way to determine 
more directly whether or not there exists a free hydroxyprohne pool in vivo 
Ammo Acids from Protein — The highest activity among the ammo acids 
resided in alanine (Table III) Degradation showed (Table IV) that it 

Table III 

Ammo Acids from Liver Protein 

The dose injected was 73 4 /ic of DL-hydroxyproline , specific activity, 664 ne per 
millimole, liver protein dry weight, 1 425 gm , duration of experiment, 4 hours and 
20 minutes 


Ammo acids and demati\es 

Amount 

present* 

Amount 
of carrier 
added 

Specific 
activity of 
diluted 
.compound 

Calculated 
specific 
activity of 
undiluted 
ammo acid 

Total 
activ ity of 
ammo acid 
m protem 

Per cent 
of dose 


mi 

Vlg 

fiC per 
mmole 

X 10-= 

pc per 
mmole 



Alanine 

85 5 

630 5 

2 51 

0 2100 

0 202 

0 28 

‘ ‘ phen j Ihj dantoin 



2 48 




Aspartic acid 

111 2 

270 0 

4 27 

0 1463 

0 1223 

0 17 

“ “ phenylhj'dantoin 



3 98 




Glutamic acid 

171 0 

278 2 

6 94 

0 1820 

0 2109 

0 29 

“ “ hydrochloride 



6 86 




Proline (as rhodanilate) 

42 8 

212 0 

0 522 

0 031 

0 0115 

0 01 

“ phenylhydantoin 



0 501 




Hydroxyprohne 

0 51} 

223 5 

1 053 

4 64 

0 0180 

0 02 

Glycine} 

121 2 



0 0293} 

0 0469 

0 06 

Serine} 

104 0 



0 0027} 

0 0026 



* Values taken from Block and Bolling (17) 
t Assayed by method of Troll and Cannan (14) 
t Isolated carrier-free 


must have followed a fairly direct pathway from hydroxyprohne Prac- 
tically no activity was located m the carboxyl carbon, hence all the activity 
was presumably still m the a-carbon, as in the mjected hydroxyprohne 
By comparison, a degradation of glycme isolated from hver protem (Table 
IV) showed almost equal distribution of activity between the carboxyl and 
methylene carbons, being probably derived from alamne by an indirect 
pathway, a conclusion also supported by its low level of activity It 
should be noted that the activity and specific activity of serme were lower 
than that of glycme (Table III), possibly mdicatmg that glycme is formed 
from alanme by a pathway not mvotym*? sRrmp. 
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The formation of alamne from hydroxyprohne is envisaged as being 
analogous to the formation of glycine and acetaldehyde from threonine, 
another hydroxyamino acid (15) y-Hydroxyglutaimc acid oi a related 

Table IV 


Degradation of Alanine and Glycine 

Samples from liver protein of rat dosed with DL-hydroxyproline , diluted with car- 
rier (see Table III) 



Specific activity 

Alamne 

fic per mmole X 10~^ 

25 13 

CO 2 from carboxyl 

1 21 (4 8%) 

Acetaldehyde dinitrophenylhj^drazone from carbon chain 

25 01 (99 4%) 

Glycine 

1 83 

CO 2 from carboxyl 

0 81 (44 3%) 

F ormaldehyde dimedon derivative from methylene 

0 90 (49 2%) 


Table V 

Ammo Acids from Liver Protein 

The dose injected was 73 8 no of DL-allohydro\yproline, specific activity, 664 /ic 
per millimole, liver protein, dry weight, 1 496 gm , duration of experiment, 3 hours 
and 50 imnutes 


Ammo acids and derivatives 

Amount 

present* 

Amount 
ol carrier 
added 

Specific 
activity of 
diluted 
compound 

Calculated 
specific 
actisity of 
undiluted 
ammo acid 

Total 
activity of 
amino acid 
in protem 

Per cent 
of dose 


flig 

ms 

;jc per 
mvwle 

X 10^ 

lie per 
mmole 

pc 


Aspartic acid 

116 8 

180 0 

3 95 




Glutamic “ 

179 5 

435 0 

2 66 




Proline (as rhodanilate) 

44 8 

178 2 

0 33 




Hydroxyprohne 

0 54t 

177 4 

1 58 




Alaninef 

89 8 



lIlH 


HI 


* Values taken from Block and Bolling (17) 
t Assayed by method of Troll and Cannan (14) 
f Isolated carrier-free 


compound may result from opemng of the hydroxyprohne nng and could 
then spht into alamne and glyoxylic acid or a related 2-carbon aldehyde 
This h 3 rpothesis could be proved by the use of hydioxyproline labeled m 
the carbon -which bears the hydroxyl group 

Appreciable activity was found in aspartic and glutamic acids (Tables 
III and V) Degiadation experiments (Table VI) showed that, whereas 
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aspaitic acid had ovei 70 per cent of its activity in the methylene carbons, 
piesumably in the a-carbon, glutamic acid had only about one-third of its 
activity in the a-carbon, most of it being in the ( 3 - or y-carbons, or both 
These results exclude a pathway whereby aspartic acid is derived from glu- 
taimc acid In such a case (6) , the proportion of labeling in the a-carbon 
and the /?- and y-carbons of glutamic acid is almost identical vnth that of 
the carboxyls and methylenes, respectively, of aspartic acid Nor can 
there be a direct and independent pathway from hydroxyprohne to glu- 
tamic acid, because of the loiver activity of its a-carbon, compared to its 

Table VI 


Degradation of Aspartic and Glutamic Acids 
Samples from liver protein of rat dosed with DL-hydroxyproline , diluted with 
carrier (see Table III) 



Specific activity 

Aspartic acid 

(CO 2 from carboxyls of aspartic acid) X 2 

pc per vimole X 10~* 

42 7 

12 0 (28 1%) 

Methylene carbons of aspartic acid, calculated 

30 7 (71 9%) 

Glutamic acid 

Succinic “ from glutamic acid 

56 2 

47 8 (85 0%) 

a-Carboxyl of glutamic acid, calculated 

8 4 (14 9%) 

fC02 from carboxyls of succinic acid) X 2 (representing a-carbon 
and y-carboxyl of glutamic acid) 

Methylene carbons of succinic acid (representing /?- and y-carbons 
of glutamic acid), calculated 

19 1 (34 0%) 

28 8 (51 3%) 


j8- and y-carbons The results are compatible vnth, though they do not 
prove, a derivation of glutamic from aspartic acid It is further postulated 
that aspartic acid is formed by a separate, second pathway from hydroxy- 
prohne and not through alanine The alamne of the animal receiving 
allohydroxyprohne had very low activity, whereas the radioactivity of its 
aspartic acid was still high (Table V) It appears that, m the metabolism 
of allohydroxyprohne, alamne is not produced, and only the second path- 
way to aspartic acid is functiomng 

Womack and Rose (4) found that, whereas glutamic acid and prohne 
could, hydroxyprohne could not partially replace arginine in the diet of 
rats deprived of arginine, prohne, and glutamic acid If it is assumed that 
glutamic acid is an intermediate between prohne and aiginine, then the 
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present results are not m accord with those of Womack and Rose, since 
hydroxyprohne is transformed into glutamic acid However, if it is postu- 
lated that prohne is changed diiectly to ornithine, which is then used in 
argimne synthesis, and glutamic acid is only a secondary product (c/ (16)), 
then one could explain the lack of arginine formation from hydroxyprohne 
The metabohsm of hydroxyproline would then differ fiom that of prohne 
by the absence of a pathway to ormthine Its pathway to glutaimc acid 
would be indirect and therefore slow In fact, no sigmficant amount of 
radioactivity was detected in the basic amino acids, winch included ar- 
guune 

The low activity in prohne (Tables III and V) confiims the results of 
Stetten (3) obtained with N^^-hydroxyproline, and sigmfies the absence of 
a direct reduction reaction of hydroxyprohne m vivo to give prohne The 
activity found m prohne is, no doubt, derived through glutaimc acid 

The presence m liver protein of hydroxyprohne, and in amounts in excess 
of direct incorporation of injected ladioactive hydroxyprohne (specific 
activity, 4 64 /uc per milhmole, specific activity of injected hydroxyprohne, 
664 fic per milhmole, level, 0 036 per cent of diy weight), is here demon- 
stiated foi the fiast time These data are consistent with the findings of 
Troll and Cannan (14), who showed the presence of 0 005 per cent hydroxy- 
prohne in serum albumin It appears that pioteins other than collagen 
can have low levels of hydroxypiohne 

Muscle and tendon protein weie analyzed for radioactivity However, 
because of the low turnover of these pioteins and the short duration of the 
experiment, incorporation was insignificantly small 

The assistance of Mr C R A Berger in the preparation of hydroxy- 
glutamic acid IS gratefully acknowledged 

SUMMARY 

1 DL-Hydroxyprohne-a-C^'* and DL-aUohydro\yprolme-a-C“ were syn- 
thesized 

2 After injection into rats, a high level of activity was obtained in the 
expired carbon dioxide of the animal recemng natural hydroxyprohne, and 
about one-half the amount in the animal receiving the alio isomer 

3 One principal hver and one principal urinary metabolite were found, 
different from each other and different both from 7 -hydroxyormthine and 
7 -hydroxyglutaimc acid 

4 Urinary hydroxyprohne had a specific activity only shghtly less than 
injected hydroxyprohne, suggesting the existence of a very small or non- 
existent free hydroxyprohne pool, though some bound hydroxypiohne could 
be detected in hver protein 



G WOLF, W W HECK, AND J C LEAK 


105 


5 The piincipal labeled amino acid in the hver protein of the ammal 
leceiving natural hydioxyprohne was alamne, with glutamic and aspartic 
acids following closely In the animal which received the alio isomei, 
glutamic and aspaitic acids had the highest activity Prohne, hydioxy- 
piohne, glycine, and seiine had some, though little, activity No other 
radioactive anuno acid could be detected 

6 Degiadation studies levealed that alamne was derived fairly directly 
fiom hydioxypiohne The lesults suggest that there exists a second path- 
way to aspaitic acid, which then gives use to glutamic acid 
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Urea has long been lecogmzed as the principal end product of nitrogenous 
metabohsm in mammals In recent years, the possibihty that monogas- 
tric animals might be able to decompose this substance, when admmisteied 
preformed, has stimulated considerable interest The presence of radio- 
active carbon dioxide in the expired air after the injection of urea labeled 
vath C^^ indicates that decomposition of this compound actually occurs in 
the mouse (2) and the rat (3), and to a shght extent in the cat (4) How- 
ever, attempts to determine whether the rat, as a typical non-ruimnant, 
can utihze the mtrogen of urea for synthetic purposes have yielded diver- 
gent conclusions Thus, ICriss and Marcy (5) found that urea admmistered 
orally to immature rats receiving a presumably normal diet exerted no 
change in body weight and was almost quantitatively recovered as such in 
the urine and feces Similar results have been reported by Bloch (6), fol- 
lowing experiments upon mature rats This investigator added urea which 
had been labeled mth N^® to a diet contaimng casein, and observed the ex- 
tent of excretion of the compound and the degree of incorpoiation of the 
isotope in certain tissue constituents The findings led him to conclude 
that urea is devoid of any metabohc activity 

The above data are in strikmg contrast to those set forth in a previous 
paper from this laboratory by Rose, Smith, Womack, and Shane (7) The 
latter were investigating the types of compounds which might serve as 
sources of mtrogen for the synthesis of the non-essential ammo acids For 
this purpose, advantage was taken of the fact that the growth of weanhng 
rats IS markedly inhibited by restricting the dietary nitrogen to that present 
in the essential ammo acids when each is furmshed at the immmal level 

* Supported in large measure by a fellowship to the senior author from the John 
Simon Guggenheim Memorial Foundation 

The data m this paper were presented in abstract before the American Societj’’ of 
Biological Chemists at San Francisco, April 12, 1955 (1) 

t The experimental data in this paper are taken from a thesis subnutted by Eugene 
E Dekker in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy in Biochemistry in the Graduate College of the University of Illinois Pres- 
ent address. Department of Biochemistry, School of Medicine, Universitj’^ of ALchi- 
gan, Ann Arbor, Michigan 
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compatible iiotb maximal giowth (8-10) It should be recalled that these 
minimal values weie established under conditions which provided an abun- 
dance of all amino acids other than the one under investigation (c/ (8)) 
Consequently, one would anticipate that a diet carrying the essential ammo 
acids only, each at its minimal level, ivould be incapable of supporting nor- 
mal gams m weight, smce, under these circumstances, sufficient mtrogen 
would not be available for the synthesis of the non-essential acids In 
other vords, under the conditions specified, a shoitage of mtrogen might 
become the hnntmg factoi m the growth of the subjects Experience 
shoved this supposition to be correct, but of greater significance for the 
problem at hand was the disclosure that the grovdh of the ammals could 
be conspicuously acceleiated by the addition to the basal ration of any one 
of several mtrogenous compounds, notably ammomum salts, L-glutamic 
acid, glycine, and even urea These findings, which have been confirmed 
elsewhere (11), appear to permit of only one reasonable mterpretation, 
namely that the mtrogen of the dietary supplements was utilized in the 
synthesis of ammo acids 

It should be emphasized that the diets employed m the experiments of 
Knss and Marcy (5) and Bloch (6) were “normal” mth respect to their 
mtrogen content, and may be presumed to have furmshed all of the ammo 
acids On the othei hand, as pointed out above, the growth tests con- 
ducted m this laboratory (7) involved the use of a ration which v as devoid 
of the non-essential ammo acids and carried only mimmal quantities of the 
essentials In view of this fundamental difference, it seems plausible to 
suspect that the character of the nitrogen intake may have been responsible 
for the divergence between our findmgs and those of others To test this 
hypothesis, a comparison was made of the effects of adding uiea to rations 
m which the mtiogen was supplied m the form of (a) casein, and (5) a 
mixture of the essential ammo acids at their minimal levels Furthermore, 
the urea was labeled with N*® m order thereby to peimit direct measure- 
ments of the extent of incorporation of the isotope m the ammo acids of 
the tissues The conduct of the expeiiments and the results obtamed are 
outlmed below The data serve to substantiate the conclusions reached 
by the groivth technique and to provide a reasonable explanation for the 
negative findmgs of othei s 


EXPERIMENTAL 

Preparation of Labeled Urea — ^The staiting matenal m the preparation 
of labeled uiea v as ammomum mtrate contaimng 63 5 atom per cent excess 
of m the ammomum ion ^ The salt vas converted into ammomum 
chloride by treatment with strong alkali and distillation into an excess of 

1 Purchased from the Eastman Kodak Company, Rochester, New York 
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standaid h 3 ’^drocliloiic acid The appaiatus used foi this purpose u as simi- 
lai to that desciibed Schoenheimei and Ilatner (12) During the 
distillation, a slow stieam of washed nitrogen was passed through the sys- 
tem to facihtate the tianspoit of the ammonia The lesultmg solution of 
aimnomum chloiide nas then tieated with a shght excess of a suspension 
of fieshty prepaied silver c 3 '’anate The flask contaimng the mixture was 
piotected from light and agitated foi 6 hours on a mechamcal shaker 
After lemoving the silvei salts by filtiation, the combined filtrate and wash- 
ings veie slowly evapoiated to diyness over a steam cone to accomphsh 
the Wohlei reaiiangement of the isotopic ammomum cyanate into urea 
Repeated e\ti action of the lesidue with 95 pei cent ethanol removed the 
uiea and left behind a grayish mateiial derived from the shght excess of 
silver C 3 ’'anate The uiea was puiified by leciystalhzation from hot, abso- 
lute ethanol Finally, it was recrystalhzed mth an appropnate amount of 
previously analyzed unlabeled urea to yield a pioduct contaimng the de- 
sired level of isotope The pieparation as used in the ammal expeiiments 
contained 14 75 atom per cent excess of It melted sharply at 132-133° 
(uncorrected) and showed a total mtrogen content which agreed closely 
with the theoietical value 

(1) CHiNjO Calculated, N 46 91 , found, N 46 88** 

The purity of the labeled urea was further demonstrated by compaiing 
its isotopic content with that of a sample of urea oxalate prepared from it 

Feeding Experiments — Six male, weanling rats of the same htter served 
as the experimental subjects At the start of the feeding tests, they weie 
quite umform m size and had an average body weight of 45 gm They 
were divided as equitably as possible mto two groups of three rats each 
Hereafter, they will be referred to as the ammals of Group A, which received 
Diet A contaimng the essential amino acids, and the ammals of Group C, 
which received Diet C contaimng casein Each rat was housed in a sepa- 
rate cage, which was designed to prevent food scattermg and to permit 
quantitative collection of the urine and feces 

The make-up of the basal diets is shown in Table I As will be obseived. 
Diet A contained ammo acid Mixture XXVI, which was the mixture used 
b 3 ’’ Rose et al (7) in demonstrating the growth-stimulatory effect of added 
uiea Diet C vas a noimal ration It earned 18 per cent of casein and 
0 20 pel cent of DL-methionine In our expenence, the addition of methi- 
omne impioves the quahty of casein and permits shghtly better grovth 
Both diets weie supplemented with suitable quantities of \ntamins, as 
desenbed elsewhere (c/ (10)) 

Throughout the entne experiment, the rats of Gioup A weie perimtted 

** Values are corrected for 14 75 atom per cent excess of N*' 
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to consume food ad hbiium During the first 12 days, the basal ration 
(Diet A) alone was adnumstered At the expiration of this fore penod, 
the labeled urea was incorporated in the ration in the pioportion of 1 23 
per cent and at the expense of an equal weight of dextrin The labeled 
urea fuimshed 0 577 gm of additional nitrogen per 100 gm of Diet A 
This is comparable to the mtrogen content (0 574 gm ) of the non-isotopic 
urea previously found to be effective in the stimulation of groudh (7) A 
total of 176 gm of Diet A was supplemented with labeled urea, and the 


Table I 

Composition of Basal Diets 


Component 

Diet A 

Diet C 


gm 

gm 

Ammo acid Mixture XXVI* 

8 82 


Casein 


18 00 

DL-Methionme 


0 20 

Sucrose 

15 00 

15 00 

Dextrin 

67 43 

58 05 

Cellu flour 

2 00 

2 00 

Salt mixture! 

4 00 

4 00 

Corn oil 

2 00 

2 00 

Haliver oilf 

; 0 05 

, 0 05 

Inositol 

0 10 

0 10 

Choline chloride 

0 20 

0 20 

Liver extract§ 

0 40 

0 40 


100 00 



* Rose et al (7) 
t Jones and Foster (13) 

t This contained 65,000 U S P units of vitamin A and 13,000 U S P units of 
vitamin D per gm 

§ Wilson's liver powder, 1 20 

excess therein contained was 158 8 mg The food was kept constantly 
before the ammals of Group A until it was entirely consumed, care being 
taken to note the exact time when the last trace disappeared This oc- 
curred m 7| days 

The rats of Group C were allowed to consume the casein diet (Diet G) 
ad hbitum for 8 days As was to be anticipated, they made rapid gams m 
weight, consequently, the paired feeding technique was instituted on the 
9th day and was continued to the end of the expenment According to 
this procedure, the food intake of the ammals of Group C was hmited to the 
voluntary consumption of the lats of Group A Since all animals were 
weighed and their food intakes determined at 4 day intervals, use of the 
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paiied feeding technique necessitated an extension of the fore period of 
Group C by 4 days in order that an accurate estimate of the consumption 
of Gioup A during the preceding 4 days might be estabhshed After 16 
days, 1 23 pei cent of isotopic uiea was mcorpoiated in 176 gm of Diet C, 
at the expense of dextrin, and the resulting supplemented ration was ad- 
mimstered for exactly 7| days To equalize, as nearly as possible, the con- 
ditions to which the two groups of animals were being subjected, the daily 
allotment of Diet C was furnished to each member of Gioup C in three 
equal portions at 8 houi intervals Thus, during the period of urea supple- 
mentation, the rats of each group received exactly the same weight of food 
and of isotopic urea 

Begmmng vnth the addition of urea to the diets, the urines were col- 
lected under toluene At frequent intervals, the funnels thiough which 
the urines passed to the receiving vessels were washed down -mth a fine 
stream of 2 per cent boric acid solution Each sample v as strained through 
a wad of cotton prior to storing At the conclusion of the feeding tests, 
the unnes from the three animals of each group were combined and re- 
served at a low temperature for analysis The feces were collected several 
times daily, covered with acidified ethanol, and evaporated to dryness 
At the end of the period, the combined fecal material from the three rats 
of each group was ground to a fine powder and saved for analysis 

The ammals were killed by decapitation immediately after they had com- 
pleted the consumption of the supplemented diets The gastrointestinal 
tracts were first excised Formed pellets of fecal material were recovered 
and added to the appropriate samples previously collected The remainder 
of the alimentary contents was removed by thorough washing and the car- 
casses of the three members of each group were combined for subsequent 
work For the latter purpose, they were cut into small pieces, frozen, 
and passed through a meat grinder Each of the resulting mixed tissues 
was homogenized in a Waring blendor with two 500 ml portions of 10 
per cent trichloroacetic acid solution After filtration, the residues were 
extracted tvnce vuth 300 ml portions of acetone and repeatedly with ether 
When dried in air, fluffy powders resulted, which consisted predominantly 
of the proteins and part of the inorganic components of the ammals 

Isolation and Analytical Procedures — ^Portions of the carcass powders de- 
scribed above were used m ascertaimng their total and isotopic mtrogen 
content The methods employed -will be outhned later Larger samples 
were used in isolating individual ammo acids From each, one essential 
and seveial non-essential armno acids were procured Urea was obtained 
from each of the combined urines All components were analyzed for their 
content Attention is called to the fact that in no instance v as a car- 
rier employed m the isolation procedure, consequently, the isotopic values 
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to be reported later represent those which actually existed in the compounds 
at the tune the subjects were killed 

For the isolation of ammo acids, 30 and 40 gm of the carcass materials 
derived from the ammals of Groups A and C, respectively, were hydrolyzed 
by refluxing for 23 hours with 300 ml of 6 n hydrochloric acid Each hy- 
drolysate was concentrated zn vacuo to a syrup and freed from most of the 
excess hydrochloric acid by repeated addition of water and evaporation 
under reduced pressure The final products were dissolved m water and 
filtered The combined filtrate and washings fiom each preparation 
amounted to approximately 1000 ml Each was adjusted m reaction to 
pH 3 and treated with charcoal (Darco G-60) for the lemoval of tyrosine 
and phenylalamne, as described by Paitiidge (14) The tyrosine was sepa- 
rated from the phenylalamne by means of its insolubility in cold water 
Solution of the ciude tyrosine in hot water, folloived by decolorization, 
yielded the pure anuno acid, as indicated by the accompanying analytical 
data No attempt was made to recover the phenylalamne 

(2) CoHuOaN Calculated C 59 66, H 6 12, N 7 73 

Found (Group A) “ 59 72, “ 6 21, “ 7 84 

“ ( “ C) " 60 09, “ 6 08, “ 7 78 

Cystine was isolated from the filtrates remaimng after the lemoval of 
the aromatic amino acids For this purpose, each solution w’as concen- 
trated m vacuo to approximately 200 ml , adjusted to pH 5 5, and allowed 
to stand for several days in the cold loom The crude cystine so obtained 
was repeatedly crystalhzed until pure by dissohung in hydrochloric acid 
and adding solid sodium acetate until a negative test for imneral acid was 
given by Congo red paper 

(3) CeHijOiNzSs Calculated C 29 99, H 5 03, N 11 66 

Found (Group A) “ 30 11, “ 4 99, “ 11 69 

“ ( “ C) “ 29 75, “ 5 09, “ 11 53 

For the recoveiy of aspartic and glutamic acids, each of the solutions from 
which the cystine had been crystalhzed was diluted to 1 hter and stirred 
repeatedly with Amberlite IRA-400 in the hydroxyl phase During this 
process, the pH was progressively raised from 5 5 to approximately 7 7 
The dicarboxyhc amino acids were eluted from the resm vnth 4 pei cent 
hydrochloric acid, glutaimc acid being recovered as the hydiochlonde and 
aspaitic acid as the coppei salt Free glutamic acid -was obtained by 
dissolving the hydrochloride m water, adjusting the pH to 3 5 by the drop- 
wise addition of pyridine, and ti eating the resulting solution with 3 to 4 
volumes of ethanol On standing overnight m the cold, glutaimc acid was 
deposited and was removed by filtration Puiification was accomplished 
by reconversion into the hydiochlonde, hberation of the free amino acid 
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as befoie, and crystallization fiom water and ethanol Analyses of the 
final pioducts aie shown below 

(4) CeHgOiN Calculated C 40 81, H 6 17, N 9 52 

Found (Group A) “ 40 57, “ 5 94, “ 9 43 

“ ( “ C) “ 41 02, “ 6 14, “ 9 41 

The coppei aspaitate was dissolved in 1 n hydiochloiic acid and decom- 
posed vith hydiogen sulfide The filtiate and washings from the copper 
sulfide were concentiated %n vacuo to a syiup and dissolved m 10 ml of 
waim water The pH of the solution, which at this point was approxi- 
mately 1 0, was laised to 3 5 by the addition of pyridine and the whole was 
tieated with 3 to 4 volumes of ethanol After standing overmght m the 
cold, the white ciystals of aspartic acid were removed by filtration and 
reciystalhzed from aqueous ethanol until analytically pure 

(5) C4H7O4N Calculated C 36 09, H 5 30, N 10 52 

Found (Group A) “ 36 14, “ 5 27, “ 10 46 

“ ( “ C) “ 36 13, “ 5 32, “ 10 69 

The foul ammo acids, the isolation of which has been outhned above, 
obviously aie non-essential components of the food of the rat (15) For 
comparative purposes, it seemed desirable to obtain from the tissues an 
amino acid which, for the species in question, is a typical member of the 
group of indispensable dietary constituents Histtdtne was chosen for 
this purpose It was isolated from the hydrolysates remaining after the 
adsorption of glutamic and aspartic acids The pH of these solutions had 
been laised to 7 7 incidental to the lemoval of the dicarboxyhc amino acids 
Each solution was treated as follows The pH Avas first reduced to 5 5 by 
the cautious addition of hydrochloric acid, and the lesultmg fluid was 
sloAvly percolated through a column of Amberhte IRC-50 which previously 
had been buffered to pH 4 7 with an acetate-acetic acid mixture After 
all of the hydrolysate had passed through the column, the effluent and 
Avashmgs were set aside for the isolation of prohne 

The basic ammo acids ivere then eluted from the resin by peicolating a 
4 per cent hydrochloric acid solution through the column until the eluate 
gave a negative mnhydrin test The excess of hydrochloric acid was le- 
moved by concentration to dryness tn vacuo three times, the residue being 
taken up successively m 500 ml portions of distilled water The final 
solid AAns dissolved m 600 ml of water, and the whole Avas stirred AAuth Am- 
berhte IR-45, in the hydroxyl phase, until the pH had been raised to 6 6 
The solution of basic aimno acids AAns noAA'^ passed through a second column 
of Ambeihte IRC-50 AARich had been buffered to pH 7 0 At the latter 
pH, the lesin adsorbs the lysine and argimne but perimts the histidine to 
pass through the column The effluent was then concentrated to a small 
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volume, filtered, and treated with 3,4-dichlorobenzenesulfonic acid under 
the conditions described by Vickery (16), and mth a reagent prepared m 
accordance mth his directions (17) After standing at a low temperature 
for several days, the ciystalhne histidine disulfonate was lemoved by fil- 
tration and converted into the monohydrochloride monohydrate The 
latter salt vas lecrystalhzed until pure 

(6) CeHi'-OsNsCl Calculated C 34 37, H 5 77, N 20 05 

Found (Group A) “ 34 19, “ 5 75, “ 20 06 

“ ( “ C) “ 33 96, “ 5 60, “ 20 01 

For the isolation of prohne, the method of Bergmann (18) was employed 
Unfortunately, it was successful only in the case of the protein hydrolysate 
obtained from the rats of Group A An attempt was made to procure a 
compai able sample from the animals of Group C, but this met vuth failure 
On other occasions in this laboratory, difficulty has been encountered uath 
the Bergmann piocedure No entirely trustworthy method for the isola- 
tion of prohne fiom small quantities of proteins appears to be available 

In the successful experiment, the effluent and washings from the first 
column of Amberlite IRC-50 were concentrated under reduced pressure to 
a small volume and treated with sufficient 6 n hydrochloric acid to lender 
the solution approximately 0 25 n An excess of ammonium rhodamlate 
in methanol was then added, and the resulting mixture ivas placed in the 
cold loom for 2 days The n-piohne rhodamlate w'hich sepaiated was re- 
crystalhzed from acidified methanol To obtain the free ammo acid, ad- 
vantage w^as taken of the relative insolubility of pyiidine rhodamlate in 
w^ater, as suggested by Bergmann Accordingly, the pioline rhodamlate 
w^as suspended in 50 ml of distilled w^ater containing 3 ml of leagent giade 
pyiidine and agitated intermittently for several hours After filtenng the 
solution and washing the precipitate wuth cold w'atei, a pink fluid w^as ob- 
tained The chromogenic material was not removed by chaicoal, there- 
fore, the solution w^as taken to dryness by lyophihzation, dissolved m water, 
and lyophilized again The sohd so obtained w^as repeatedly crystallized 
by dissolving it in absolute ethanol, filtenng, and adding anhydrous ether 
All but a trace of the color wffiich remained w'as lemoved by ex ti acting the 
solid wuth a small portion of ice-cold, absolute ethanol Fuither crystal- 
lization of this product yielded analj’^tically pure prohne 

(7) CsHsO^N Calculated C 52 16, H 7 88, N 12 17 

Found (Group A) “ 51 72, “ 7 84, “ 12 19 

All of the isolated ammo acids described above weie tested for homo- 
geneity by paper chiomatography Each exhibited a single, discrete spot 
and an Bp value w hich wms identical w ith that of a pure sample of the ammo 
acid wffien the isolated compound and its control w'ere chromatographed 
simultaneously on the same stnp of filter paper 
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In addition to the tissue anuiio acids, a sample of uiea was isolated as 
its di\anth 3 ’-diyl deiivative fiom each of the mixed urines collected from 
the animals of Gioups A and C Foi this puipose, an appiopriate aliquot 
of uiine was decoloiized with chaicoal, acidified stiongly with glacial acetic 
acid, and tieated with a leagent consisting of xanthydrol dissolved in a 
mixtuie of absolute methanol and glacial acetic acid When precipitation 
was complete, the dixanthj’^diyl urea Avas removed by filtration through a 
smteied glass funnel, washed mth 66 pei cent acetic acid, and purified by 
crystaUization from a dioxane-water mixture 

(8) C27H20O3N2 Calculated N 6 66 

Found (Group A) “ 6 57 

“ ( “ C) “ 6 64 

In analyzing the compounds isolated from the tissues and urines, caibon 
and hydrogen weie determined in the Microanalytical Laboratory of this 
Depaitment Total mtrogen was estimated by the micro-Kjeldahl pio- 
cedure, a mixed catalyst composed of potassium sulfate, coppei sulfate, and 
selemum dioxide bemg employed, and use bemg made of a prolonged di- 
gestion period to msure complete oxidation (cf Chibnall et al (19)) In 
measurmg the isotopic nitrogen content, each sample was first digested 
as m the total nitiogen determmations, after which the lesultmg ammonia 
was converted mto gaseous nitrogen by the action of an alkalme hypo- 
bromite solution The latter step was cairied out in a small reaction ves- 
sel to which was attached a tippmg flask contammg the hypobromite 
Both contamers were connected to a high Amcuum system After the sys- 
tem had been evacuated to 10“® mm of mercury, the hypobromite was 
tipped mto the ammonia solution and heat was applied gently AVith a mi- 
croburner As the nitrogen gas was liberated, it passed through a U trap 
Avhich was immersed m a liquid nitrogen bath to remove water vapor and 
any other condensable gases As soon as the evolution of nitrogen had 
ceased, the gas was transferred to a spectrometer bulb, which was then 
disconnected from the vacuum Ime and attached to the mass spectrometei 
The analyses were performed with a Consolidated-Nier isotope ratio 
mass spectrometer, model No 21-201 As a check agamst the possibility 
of contamination by air, all samples were routmely tested for the piesence 
of moleculai oxygen of mass 32 Contammation so indicated was well 
within the 3 pei cent allowed by previous workers (20), fallmg as a rule 
betiveen 0 5 and 1 0 per cent 


Results 

The findings m the two groups of animals are summarized m Tables II 
and III In Table II is presented a partial N^® balance for each dietarj’^ 
regime Since the carcass proteins and their component ammo acids v ere 
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of primary interest for the purposes of this investigation, no attempt was 
made to lecover all of the administered isotope In comparable expen- 
ments involving the admimstration of N^®-labeled ammo acids, others have 
shown that the non-protem nitrogenous constituents of the tissues may con- 
tain 7 8 to 11 7 per cent of the isotope (21, 22) The content of these 
components was not determined m our tests Furthermore, since the sub- 
jects were saciificed immediately after they had consumed the last of the 
allotted food, some loss of isotopic urea must have occurred when the ali- 
mentary tracts were washed out The lower percentage recovery of 
111 the animals of Group A, as contrasted with those of Group C, may have 

Table II 

Partial Balance of after Feeding Isotopic Urea 
Each group, composed of three weanling rats, consumed 2 165 gm of isotopic 
urea containing 158 8 mg of excess 




Group A 


1 

Group C 



Total 

N 

content 

1 

N15 

[ content 

Total i 

recov- 

ered 

Total 

N 

content 

Nil 

content 

Total 

Nil 

N'i 

tecos 

ered 



alom 
per cent 

1 

1 

t tiij 

per cent 

gm 

alom 
per cent 

mg ' 

per cent 

Carcass protein 

5 20 

, excess 

0 618 

34 40 

21 66 

9 S3 

j excess 
' 0 046 

1 

4 84 

3 05 

Excreta 

Urine 

0 83 

7 251 

64 12 

40 38 

1 

2 80 

1 

4 281 

127 97 


Feces 

0 45 

1 

4 776 

22 94 

14 44 

0 49 

0 756 

3 96 


Total N’® recov- 
ered 

1 


121 46 

76 48 



136 77 

86 11 


been due to the smaller sample of carcass piotem which was available for 
analysis, since the rats receiving the amino acid diet gained less than did 
their litter mates upon the casein ration 
The data in Table II demonstrate clearly that the degree of tissue incor- 
poration of urea mtrogen is much greater when the basal diet carnes the 
essential ammo acids only (Group A) than when all ammo acids are fur- 
mshed in the form of casein (Group C) Of the administered isotope, that 
found in the tissue proteins amounted to 21 66 and 3 05 pei cent, respec- 
tively In contrast to these findings, tvnee as much was excieted m 
the urines by the ammals of Group C as bj*- those of Group A These 
results weie to be expected m view of the earlier observations of Rose et al 
(7) and of Bloch (6), to which reference has already been made The 
figures confirm the conclusion that the mtrogen of uiea can be utihzed 
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when the subjects are in need of this element for synthetic purposes No 
entirely satisfactory explanation can be offered to account for the much 
higher fecal output of the isotope by the members of Group A Possibly, 
the explanation is to be found in the imld laxative action of diets contaimng 
imxtures of ammo acids, thereby leading to more rapid passage of food 
through the ahmentaiy tract and less complete absorption of the uiea 
Perhaps a more hkely explanation is one suggested by Ratner et al (22) 
to account for the isotopic content of the feces follovung the admimstra- 
tion of labeled glycine These investigators beheve that the isotope 
“entered the intestinal lumen with the proteins of the intestinal secreta, 
which, like the proteins and the other mtrogenous constituents of the an- 
imals, must have contained ” 

One would anticipate that, under the conditions of our experiments, the 


Table III 

Content of Isolated Products 



Group A 

Group C 


atom per cent excess 

atom per cent excess 

Tyrosine 

0 542 

0 023 

Cystine 

0 433 

0 027 

Glutamic acid 

0 962 

0 071 

Aspartic “ 

0 841 

0 051 

Proline 

0 552 


Histidine HCl HjO 

0 103 

0 009 

Urea (urinary) 

14 046 

4 884 


rats of Group A would need mtrogen primarily foi the synthesis of the non- 
essential amino acids, and that a comparable need would not be experi- 
enced by the subjects of Group C If this assumption is correct, the non- 
essential ammo acids derived from the animals of Group A should be 
labeled more highly than the corresponding ammo acids obtained from the 
members of Group C This proved to be the case to an astomshing degree, 
as exemplified by the data m Table III Omittmg for the moment the 
values for tyrosine, one aviU observe that the figures representing the 
content of the non-essential amino acids of Group A are quite high, indeed, 
they are 14 to 16 times the values given for the corresponding compounds 
obtained from Group G The highest isotopic concentrations were ob- 
served in glutamic and aspartic acids This is in keeping with the veil 
known role of these ammo acids in transamination reactions (c/ (23)) 
With respect to tyrosine, the high isotopic content of the sample from 
Group A was unexpected An abundance of evidence is available v hich 
demonstrates that tyrosine has its origin in phenylalamne (24, 25), and that 
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the conversion of the latter into the former occurs despite the presence or 
absence of preformed tyrosine in the food (25) ® In the present study, the 
ration of the animals of Group A was devoid of tyrosme, therefore, all of the 
tyrosine utdized by the orgamsm for growth purposes must have been 
formed from phenylalamne Little is known concernmg the mechamsm 
involved in this reaction, although an enzyme system has been described 
which IS capable of catalyzing the over-aU oxidation (26) The fact that 
the tyrosme was so highly labeled with constitutes strong presumptive 
evidence agamst a direct conversion of the benzene rmg of phenylalamne 
into the phenol ring of tyrosine In the hght of our data, it appears much 
more reasonable to assume that deaimnation precedes oxidation, and that 
a phenohc intermediate undergoes rearmnation with the formation of tyro- 
sine 

In contrast to the isotopic levels observed m the non-essential amino 
acids, the values for the two samples of histidine (Table III) were much 
lower Since this amino acid is an indispensable dietary component for 
the rat (15), the only mechamsm whereby could have entered the mole- 
cule IS by a "contmuous process of successive deamination and animation,” 
as observed by Schoenheimer et al (27) foUowmg the administration of 
isotopically labeled ammomum citrate The latter compound was added 
to a diet contaimng 16 per cent of casein The histidine isolated from the 
carcass protein was shown to have an content of 0 013 atom per cent ex- 
cess, all of which was located m the a-aimno group This value is com- 
parable to that observed in the present investigation in the animals of 
Group C, which also received a normal casein ration On the other hand, 
the isotopic content of the histidine obtained from the rats of Group A, 
though decidedly lower than the levels present m the non-essential anuno 
acids, was several times greater than that of the histidine derived from 
Group C Possibly, this latter fact may be accounted for by an mtensi- 
fication of the process of deaimnation and aimnation incidental to the simul- 
taneous biosynthesis of all of the non-essential ammo acids Indeed, a 
shift of mtrogen from one ammo acid to another, or from and to the mtro- 
gen “pool,” must occur with remarkable facihty inasmuch as Diet A 
(Table I), even without an additional source of mtrogen, permits slow 
growth (c/ (7)) Since Diet A contained only the essential ammo acids, 
and these at their mimmal levels, gams in weight would have been impos- 
sible were it not for the use of some of the mtrogen of the essential acids 
m the biosynthesis of the non-essential acids This process should have 
afforded sufficient opportumty for the histidine derived from the animals of 
Group A to have become more heavily labeled than the histidine ongi- 

’ Howe, E E , and Rose, W C , unpublished data (quoted m Moss and Schoen 
heimer (25)) 
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Rating in the lats of Group C, which were not confronted mth a deficient 
supply of nitrogen 

With lespect to the uiea samples isolated from the urmes of the two 
groups of animals (Table III), httle need be said Obviously, the isotopic 
urea which was not used by the ammals of Group A expenenced very httle 
dilution with non-isotopic urea before being excreted The urinary sample 
contained 14 046 atom per cent excess of while the admimstered urea 
contained, it wiU be recalled, 14 75 atom per cent excess Not more than 
a small decrease m isotopic content was to have been expected, since the 
physiologically active amino acids of Diet A furmshed only 0 81 per cent 
of total mtrogen On the other hand, the sample of urea derived fiom the 
rats of Group C was much lower in its isotopic content (4 884 atom per cent 
excess) Evidently, it had been diluted by the urea arising in the orgamsm 
during the metabohsm of the 18 per cent casein ration 

Finally, attention is called to the fact that the experiments described 
above offer no explanation of the mechanism whereby the mtrogen of urea 
IS rendered available for the uses of the oigamsm Recent studies of this 
aspect of the problem indicate that in the mouse (28) and in the rat (3, 29) 
the urease activity of gastrointestinal microorgamsms is largely or entirely 
responsible for the decomposition of urea In the hope that the growth 
techmque might throw more hght on this point. Diet A was supplemented 
with urea and admimstered to two groups of rats, one group of which also 
received the mixture of antibiotic agents used by Dintzis and Hastings (28) 
m studying the short time fate of urea labeled with At frequent inter- 
vals, fecal samples were obtained from our ammals and subjected to bac- 
terial counts ^ Unfortunately, convincing growth data could not be ob- 
tained The bacterial counts dropped promptly, as reported by Dintzis 
and Hastings, but rose again within a few days as the microorgamsms 
acquired resistance to the drugs This eventuahty defeated the purpose 
of the experiments and rendered the findings inconclusive 

SUIMMARY 

Urea labeled vuth has been admimstered to two groups of grovnng 
rats which were maintained on diets contaimng, respectively, (o) a mixture 
of the essential ammo acids at their mimmal levels (Group A), and (5) 
a noimal ration contaimng 18 per cent of casein (Group C) The distri- 
bution of the isotope in the excreta and carcass proteins indicated an ex- 

* We are deeply indebted to Dr A B Hastings and Dr E Z Dintzis for giving us 
full information concerning the composition of the media used bj them in making the 
bacterial counts, and for other useful information We are also grateful to Dr I C 
Gunsalus for helpful advice regarding the bacteriological tests and to Mr John R 
Stamer of the Department of Bacteriology, Universitj’’ of Illinois, vho actuallj made 
the counts 
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tensive utilization of the urea mtrogen by the subjects of Group A, but 
not by those of Gi oup C Cystine, glutamic acid, and aspartic acid isolated 
from the ammals of the first gioup contained the isotope in high concen- 
trations On the other hand, histidine, an essential amino acid for the 
rat, had a low level of The data are beheved to provide unequivocal 
proof that the mtrogen of uiea can be utihzed for the S3nithesis of the non- 
essential aimno acids when the latter are excluded from the food, and when 
no other source of mtrogen is available foi the pui poses m question 
Tyiosme isolated fiom the ammals of Group A, hke the other non-essen- 
tial ammo acids, was found to contain a high level of This ammo 
acid, under the conditions of the experiment, must have originated m the 
phenylalamne of the ration The high isotopic content is beheved to pro- 
vide strong presumptive evidence against a direct oxidation m the para 
position and to suggest that deamination of the armno acid must precede 
the conversion of the benzene group into the phenohc group 
The probable role of bacteiia m the utihzation of urea mtrogen is dis- 
cussed 
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ENZYMATIC FORMATION OF ASCORBIC ACID 
IN RAT LIVER EXTRACTS* 

By MANSOOR ul HASSAN and ALBERT L LEHNINGER 

(From the Department of Physiological Chemistry, School of Medicine, 

The Johns Hopkins University, Baltimore, Maryland) 

(Received for publication, March 20, 1956) 

The investigations of &ng and his colleagues, carried out vnth the aid 
of isotopically labeled precursors, have estabhshed that ascorbic acid is 
formed from glucose in the intact rat largely by a mechamsm in which the 
carbon chain of glucose remains intact (1) Furthermore, they have re- 
vealed that carbon atom 1 of n-glucose is the precursor of carbon atom 6 
of the L-ascorbic acid (2) and, conversely, that carbon atom 6 of n-glucose 
IS the precursor of carbon atom 1 of ascorbic acid (3) Further experiments 
with labeled n-glucuronolactone levealed that this substance is a more 
immediate precursor of ascorbic acid than is n-glucose (4) These impor- 
tant findings are supported by the investigations of Isherwood and his col- 
leagues (5-7), who have demonstrated, in non-isotopic experiments, that 
net formation of ascorbic acid in cress seedhngs and in intact rats is in- 
creased upon admimstration of n-glucuronolactone, n-galacturonolactone, 
L-gulonolactone, and L-galactonolactone These findings, together wnth 
other considerations, led them to suggest the existence of two parallel path- 
ways for the biosynthesis of ascorbic acid, which are identical in mechanism 
but start with different isomeric hexose precursors 

(1) D-Glucose D-glucuronoIactone — > L-gulonoIactone — » L-ascorbic acid 

(2) D-Galactose — » D-galacturonolactone L-galactonolactone — > L-ascorbic acid 

With this information available, it appeared feasible to approach experi- 
mentally the detailed mechamsm of formation of ascorbic acid in ammal 
tissues vuth the use of cell-free preparations This paper describes the 
enzjrmatic formation of ascorbic acid from n-glucuromc acid oi its lactone 
in ceU-free extracts and fractions of rat liver, as weU as certain gross features 
of the reaction mechamsm 


EXPERIMENTAL 

Methods and Materials — Total” ascorbic acid, defined as the sum of l- 
ascorbic acid, dehydroascorbic acid, and 2,3-diketogulomc acid, was deter- 
mined by the 2,4-dimtrophenylhydrazine method of Roe and Kuether (8) 

* Supported in part by grants from the National Vitamin Foundation, Inc , and 
the Nutrition Foundation, Inc 
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as modified by Geschmnd, Williams, and Li (9) Ascorbic acid, i e the 
reduced form alone, was determined by reaction with 2,6-dichlorophenol- 
indophenol as described by Harris and Olhver (10) The rat liver extract 
used m most of the experiments was prepared by homogemzing the livers 
from Wistar or occasionally Sprague-Davley rats vith 2 5 volumes of 0 15 m 
KC l m a Potter-Elvehjem homogemzer The homogenate was centnfuged 
at 3000 X to remove the nuclei and imtochondna, which are essentially 
completely agglutinated m the isotomc KCl The supernatant fluid is 
referred to m the text as “rat hver extract ” The entire preparation was 
carried out at 0° and the extract generally used vuth rmmmal delay Solu- 
tions of L-ascorbic acid and all other unstable compounds used in the various 
experiments were freshly made and carefully neutrahzed ]ust before addi- 
tion to the enzyme reaction media 

Formation and Destruction of Ascorbic Acid — In prehmmary experiments 
designed to detect ascorbic acid synthesis by hver homogenates, the for- 
mation of the sum of ascorbic acid, dehydroascorbic acid, and 2,3-diketo- 
gulomc acid (“total” ascorbic acid) was determined rather than L-ascorbic 
acid specifically, since it is known that the latter acid is readily oxidized by 
ammal tissues to dehydroascorbic acid, which in turn spontaneously hy- 
drolyzes to 2,3-diketogulonic acid, itself an unstable compound The 
rate of oxidation of L-ascorbic acid m this manner could conceivably out- 
strip the rate of synthesis in tissue extracts In such preliminary experi- 
ments it was found that whole hver homogenates supplemented with d- 
glucuronolactone caused the net formation of small amounts of “total” 
ascorbic acid, despite a considerable abihty to oxidize added L-ascorbic acid 
Further study, upon refinement of the experimental conditions, revealed 
that this activity resided entirely in the supernatant fluid remaimng after 
removal of the imtochondna and nuclei by centrifugation It was also 
found that addition of ATP,^ DPN, Mg++, and mcotmamide increased the 
rate of formation of ascorbic acid Under these conditions net synthesis 
of “total” ascorbic acid by the rat hver extract was readily observable in 
the presence of D-glucuronolactone as precursor, m the absence of the latter, 
no detectable formation of ascorbic acid occurred (see Table I) Also in- 
cluded m Table I are data of parallel experiments which show'^ the rate of 
destruction of added L-ascorbic acid over the same time interval It is 
seen that a large fi action of the small amounts of ascorbic acid added dis- 
appeared during the incubation For this reason it appears that the true 

1 Abbreviations ATP, adenosine triphosphate, DPN and TPN, di- and triphos- 
phopyridine nucleotide, respectively, UTP and UDP, undine tn- and diphosphate, 
respectively, Tns, tris(hydrovyinethyl)aramomethane, DPNH, reduced diphospbo 
pyridine nucleotide, DPN'*', oxidized diphosphopyridine nucleotide, TPNH, reduced 
triphosphopyridine nucleotide , TPN'*', oxidized tnphosphopj'ndine nucleotide, ITP, 
inosine tnphosphate, UDPG, undine diphosphoglucose 
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amount of new “total” ascorbic acid synthesized in the experiments with 
D-glucuionolactone as substiate may be consideiably greater than the net 
accumulations measuied Because of the magmtude of the late of destruc- 
tion of added L-ascoibic acid obseived in such contiol experiments, thej’’ 
were usually performed as a loutme check in all tests of ascorbic acid syn- 
thesis 

Fiom many contiol expeiiments carried out in the absence of D-glucu- 
ronolactone (Table I), the impression has been gained that the “total” 
ascoibic acid value contributed by the liver extract alone, indicated by the 
zero time values, may not be identical wnth free ascorbic acid, since it dis- 


Table I 

Enzymatic Formation and Destruction of Ascorbic Acid 
The test s 3 'stem contained final concentrations of 0 02 m phosphate buffer, pH 
7 4, 0 0016 M DPN, 0 0016 m ATP, 0 03 m nicotinamide, 0 004 m MgCU, substrates in 
amounts listed below, and 0 7 ml of rat liver extract in a total volume of 2 5 ml 
Incubated 2 hours at 37° in air 


Experiment 

No 

Substrate added 

Amount, 

^imoles 

‘‘Total’ 

ascorbic acid, ;imoles 

Zero time 

After 

incubation 

Net change 

1 

D-Glucuronolactone 

10 

0 40 

1 30 

-fO 90 


L-Ascorbic acid 

0 67 

1 10 

0 67 

-0 53 


None 


0 43 

0 40 

-0 03 

2 

D -Glucuronolactone 

10 

0 47 

1 11 

+0 64 


L-Ascorbic acid 

0 67 

1 08 

0 48 

-0 60 


None 


0 41 

0 33 

-0 08 

3 

D-Glucuronolactone 

10 

0 50 

1 17 

+0 67 


u-Ascorbic acid 

1 0 

1 49 

0 89 

-0 60 


None 


0 49 

0 43 

-0 06 


appears during incubation at a low^ei late than added L-ascorbic acid 
About 25 per cent of the endogenous ascorbic acid in the hver extract w^as 
found to be non-dialyzable, in agreement with the findings of Sumerw'ell 
and Sealock (11) on w^hole pork hvei Such a “bound” form of ascorbic 
acid (see also Jeffay (12)) may of course have quite different susceptibihty 
to enzymatic attack fiom that of free ascorbic acid The possible pres- 
ence of chromogens other than free or bound ascorbic acid in the endog- 
enous fraction has not been entiiely excluded 
Bj’’ means of the 2 , 6-dichlorophenol-indophenol titration, it w^as found 
that the “total” ascorbic acid formed enzymatically consisted largely of 
“true” ascorbic acid (over 80 pei cent), presumably the remaimng 20 per 
cent represented the sum of dehydroascorbic acid and 2,3-diketogulonic 
acid (Table II) Ascorbic acid w'as identified as the major reaction product 
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With certainty by paper chromatography of the concentrated trichloroacetic 
acid filtrate of the enzymatic reaction medium by the method of Chen, Isher- 
wood, and Mapson (13) Readily visuahzed spots unth Rr values identical 
with that of authentic n-ascorbic acid were observed, a faint spot cone- 
sponding to dehydioascorbic acid was also seen 
In Fig 1 are presented data on the couise of ascoibic acid foimation and 

Table II 

Formation of “True" Ascorbic Acid 

The conditions were exactly as in Table I The figures represent the net forma 
tion of “total” ascorbic acid (the sum of ascorbic acid, deh 3 '^droascorbic acid, and 
2,3-diketogulomc acid, measured as 2,4-dimtrophenylhydrazone) and “true” as 
corbic acid (the reduced form, measured by titration with 2,6-dichlorophenol-in- 
dophenol) 


Substrate added | 


Net "total” 

Net "true” 

1 

Amount, /imoles 

1 

ascorbic acid 
formed, /imoles 

ascorbic acid 
iOnned, pmoles 

i 

n-Glucuronolactone 

10 

MBm 

1 18 


10 

■IH 

1 15 



MINUTES 

Fig 1 Rate of formation and destruction of ascorbic acid The test system n as 
arranged exactly as in the experiments described in Table I Curve A represents the 
rate of formation of “total” ascorbic acid from n-glucuronolactone, Curve B, the rate 
of disappearance of “total” ascorbic acid following addition of L-ascorbic acid 

destruction with time Formation of total ascorbic acid proceeded hneaily 
with time, reaching a plateau value at about 2 hours Added n-ascorbic 
acid, however, rapidly disappeared at an tmhal rate which sometunes 
exceeded the rate of net synthesis It is thus probable that the rate of 
formation measured is actually the result of a much higher absolute rate 
of formation and the considerable rate of destruction shown However, it 
is not known whether part or all of the ascorbic acid formed enzymatically 
IS generated in a bound form which may not be as susceptible as free as- 
corbic acid to enzymatic or non-enzymatic destruction 
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Cofactoi Requirements — The data summaiized m Table III demonstiate 
that the foimation of ascoibic acid fiom D-glucuronolactone in rat liver 
extiacts pioceeds at a maximal late when ATP, DPN, Mg++, and nicotin- 
amide aie present in the reaction medium Omission of any one of these 
coiiipoiients caused a significant deci ease in rate of synthesis in undialyzed 
extiacts The lequiiements foi ATP, DPN, and Mg++ were moie clearly 
demonstiated if the rat hvei extiact was first dialyzed against 0 15 m KCl 
at 0° foi 7 hours vith stiiiiiig (Table III) 

Table III 

Components Required foi Formation of Ascorbic Acid 
The complete test sj stem contained 0 02 m phosphate buffer, pH 7 4, 0 0016 m 
DPN, 0 0016 M ATP, 0 03 m nicotinamide, 0 004 m MgCb, 0 004 m D-glucuronolactone, 
and 0 7 ml of enzj me in total volume of 2 50 ml The reaction components were 
omitted as indicated below In Experiment 3, 1 jamole of UTP and 10 jimoles of 
glucose TV ere added as shown Incubated 2 hours at 37° 


E-cpenment 

No 

Enzyme preparation 

System 

“Total” 
ascorbic acid 
formed, ^mole 

1 

Undialj zed rat liver 

Complete 

0 62 


extract 

DPN omitted 

0 48 



ATP 

0 34 



Mg++ 

0 38 



Nicotinamide omitted 

0 17 

2 

Dialji^zed rat liver 

Complete 

0 26 


extract 

DPN omitted 

0 01 



ATP 

0 03 



Mg++ 

0 17 


1 

Nicotinamide omitted 

0 24 

3 

Undialj^zed liver ex- 

Complete 

0 90 


tract 

“ -f UTP 

0 57 



“ -b “ and glucose 

0 90 


Still another cofactoi requirement became evident on fuithei stud}’’ If 
the undialyzed rat liver extiact was permitted to stand at 3° for 20 to 30 
hours, most of the synthetic activity at as lost, despite addition of ATP, 
DPN, nicotinamide, and Mg++ Howevei, it was found that addition of 
TPN to the otheivise complete system could restore 50 per cent or moie 
of the lost activity (Table IV) No other cofactor tested, including inosine 
triphosphate, UTP, coenzyme A, uridine diphosphoglucose, glucose-l-phos- 
phate, and glucose-6-phosphate, was able to replace TPN It appeared 
possible that TPN could replace the requirement for ATP plus DPN The 
results of appropriate tests were equivocal, in dialyzed extracts, onlj'' partial 
replacement of ATP and DPN by TPN could be obsenmd 







128 


FORMATION OF ASCORBIC ACID 


The formation of ascoibic acid occurred at a somewhat higher rate m 
phosphate buffei than m Tns buffei, but it was not possible to establish 
unequivocally a specific phosphate lequirement m the crude extracts 
studied 

Since the amount of total ascorbic acid formed in these experiments is 
apparently the result of net synthesis and a lather substantial rate of break- 
down, it appeared possible that the destiuction of ascoibic acid might 
depend on one or more of the components observed to be required for 
net synthesis of ascorbic acid However, the rate of destruction of added 

Table IV 

Reqmrement of TPN 

The standard test system contained 0 02 m phosphate buffer, pH 7 4, 0 0016 m 
DPN, 0 0016 M ATP, 0 03 M nicotinamide, 0 004 m MgCh, 0 004 m n-glucuronolactone, 
and 0 7 ml of liver extract, as indicated, in a total volume of 2 50 ml Incubated 
2 hours at 37° The rat liver extract was inactivated by aging at 3° for 20 hours 
in Experiment 1 and 48 hours in Experiment 2 


Experiment 

No 

Liver extract 

Additions to standard test system 

“Total” ascorbic 
acid formed, 
/imoles 

1 

Fresh 

None 

1 10 


Aged 

ft 

0 06. 


<< 

3 5 /amoles TPN 

0 50 


(( 

0 7 “ ITP 

0 03 


tt 

0 7 “ coenzyme A 

0 05 


(< 

35 “ UDPG 

0 00 


it 

35 “ UTP 

0 04 


(( 

3 5 “ glucose-1 -phosphate 

0 03 

2 

Fresh 

None 

0 51 



6 MUioles TPN 

0 48 


Aged 

None 

0 00 


ft 

6 /amoles TPN 

0 33 


L-ascorbic acid in the undialyzed rat liver extract was not affected by 
systematic omission of ATP, DPN, and Mg++ 

Although undine nucleotides aie known to be involved m the formation 
of glucuromc acid in ammal tissues (14, 15), no evidence of a requirement or 
a stimulating effect of UTP, XJDP, or undine diphosphoglucose in ascoibic 
acid foimation was observed Actually, TJTP was found to inhibit for- 
mation of ascorbic acid rather specifically, this inhibition was reheved by 
addition of n-glucose (Table III) 

Conversion of 'L-Gulomc Acid to Ascorbic Acid — In order to determine the 
nature of the possible intermediates in the conversion of D-glucuionic acid 
to ascorbic acid, a survey of a vanety of pertinent hexoses and hexose de- 
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iivatives as piecuisois was earned out The data aie summauzed m 
Table V 

It IS seen that D-glucose, D-galactose, glucose-l-phosphate, glucose-6- 

Table V 

Pteewsors of Ascoihic Acid 


The test conditions were exactly as in Table I Precursors were added in the 
amounts showm, total volume, 2 5 ml 


ETOenment 

No 

Substrate 

Amount, 

/imoles 

“Total” ascorbic acid 

Zero time, 
/imoles 

2 hours, 
/imoles 

Net, /imoIes 

1 

n-Glucuronolactone 

10 0 

0 40 

1 83 

•f 1 43 


D -Glucuronic acid 

10 0 

0 40 

1 97 

4-1 57 


n-Galacturonic “ 

10 0 

0 40 

1 21 

4-0 80 

2 

D -Glucuronolactone 

10 0 

0 33 

1 36 

4-1 03 


L-Gulonolactone 

10 0 

0 31 

1 46 

4-1 15 


L-Galactonolactone 

10 0 

0 33 

1 13 

4-0 80 


L-Ascorbic acid 

10 0 

1 34 

1 20 

-0 14 

3 

None 


0 32 

0 34 

4-0 02 


D-Glucuronolactone 

12 5 

0 36 

0 90 

4-0 54 


D-Galacturonic acid 

12 5 

0 39 

0 71 

4-0 32 


D-Gulonolactone 

12 5 

0 37 

0 33 

-0 04 


L-Ascorbic acid 

0 67 

1 00 

0 87 

-0 13 

4 

D-Glucuronolactone 

10 0 



4-0 35 


Glucose-l-phosphate 

10 0 



0 00 


Glucose -6 -phosphate 

10 0 



0 00 


D-Gulonolactone 

10 0 



-0 03 


D-Galactonolactone 

10 0 



4-0 01 

5 

n-Glucuronolactone 

10 0 

0 211 

0 900 

4-0 69 


L-Gulomc acid 

10 0 

0 193 

0 815 

4-0 62 


i( t( 

10 0 

0 160 

0 770 

4-0 61 

6* 

(( a 

10 0 

0 197 

0 674 

4-0 48 


n-Gulomc acid 

10 0 

0 209 

0 215 

4-0 01 


n-Glucuronolactone 

10 0 

0 210 

0 377 

4-0 17 

7 

(i 

10 0 

0 27 

0 72 

4-0 45 


L-Gulomc acid 

10 0 

0 27 

0 71 

4-0 44 


L-Gulonolactone 

10 0 

0 27 

0 52 

4-0 25 


* Mouse liver extract wms used in this experiment 


phosphate, and undine diphosphoglucose were inactive as precursors of 
ascorbic acid in the hver extract, although all these substances are proba- 
bly capable of acting as precuisors of glucuronic acid in the intact animal 
(14-16) It appears piobable that the necessary pieparatory enzjmies 
either are not piesent or are inactive in the rat hver extracts under the 
conditions employed 
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D-Glucuionic acid and n-glucmonolactone Meie found to be equally 
effective pieciiisois under the conditions tested D-Galacturonic acid vas 
about 60 per cent as effectn^e as D-glucuionic acid, pine D-galactui onolac- 
tone vas not available for test 

Of gieatest significance, bon ever, is the fact that the liver extracts con- 
vert L-gulonic acid oi its lactone to ascoibic acid at lates sufficiently Ingh 
to suggest that it maj'^ be an inteimediate in the com eision of D-glucuionic 
acid to L-ascorbic acid, accoiding to the geneial mechanism postulated by 
Isheiwood ei al (5) Actually, in mouse livei extracts, L-gulonate vas 
found to be a fai moie effective precuisoi of ascorbic acid than D-glucui quo- 
table VI 

Fractionation of Rat Liver Extiact 

The test sjstem vas exactl}' as in Table I, with either n-glucuronolactone, 0 004 
M, as substrate to test sj nthesis, or ascorbic acid, 0 0004 m, to test the rate of destruc- 
tion Where indicated, heated preparations had been placed in a boiling v ater bath 
for 5 minutes prioi to test Other details are given in the text 


Experi 
ment No 

Enz> me preparation 

"Total” ascorbic acid, pmoles 

Formed 

Destroj ed 

1 

Whole extract 

0 53 

0 47 

1 

“ “ (heated) 

-0 02 1 

0 21 


Supernatant fluid (100,000 X g) 

-0 02 

0 18 


Residue 

0 00 

0 23 


Supernatant fluid -1- residue 

0 73 

0 53 

2 

Whole extract 

1 28 

0 58 


Heated residue -f unheated supernatant fluid 

-0 07 

0 65 


Unheated residue -f heated supernatant fluid 

-0 03 

0 31 


“ “ -f- unheated supernatant 

1 26 

1 

0 47 


lactone Similarly, L-galactonolactone was also found to 3'-ield ascoibic 
acid, although at a lowei late than L-gulonic acid In full support of these 
cousideiations is the finding that D-gulonic acid and its lactone weie com- 
pletely inactive as piecuisois of ascorbic acid 
From these lesults it may be concluded that Reactions 3 and 4 occui in 
the liver extracts, and in all likelihood lepiesent a stage in the conversion 
of D-glucuionic acid oi D-galactuionic acid to L-ascorbic acid 

(3) L-Gulonic acid — » L-ascorbic acid -f- 2H 

(4) L Galactonic acid — > L-ascoibic acid -f 2H 

Fractionation of Livei Extract — The lat hvei extiact used in these experi- 
ments may be sepaiated into two heat-labile fractions, neither of which has 
any activity alone m foimation of ascorbic acid from D-glucuroiiic acid 
Upon lecombination of these fractions, full activity is restored (Table VI) 
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The sepal ation is brought about simply by centrifugmg the lat liver extract 
at 100,000 X g for 30 minutes, a proceduie which sediments microsomes 
and othei small particulate elements Fuithermoie, it was found that the 
sedimented fraction hnuts the late of the synthesis of ascorbic acid, smce 
the activity of a given amount of the supernatant fraction could be m- 
creased beyond the activity of the unfiactionated extract by addition of 
more than an equivalent amount of the sedimented fraction The experi- 




Fig 2 Oxidation of TPNHbyD-uromc acids The test S 3 "stem consisted of 0 05 m 
Tns buffer, pH 7 6,011 m KCl, 0 01 m nicotinamide, TPNH, substrate, and 170 y of 
dialyzed protein fraction, precipitated between 33 and 50 per cent saturation with 
ammonium sulfate from the supernatant fluid remaining after centrifugation of rat 
liver extract at 100,000 X g Total volume, 2 5 ml Curve A indicates a change of 
absorbance in the absence of substrate, Curve B, n-glucuronolactone, 0 002 m. Curve 
C, D-glucuronate, 0 004 m. Curve D, n-galacturonate, 0 005 m Temperature, 24° 
Fig 3 Reduction of TPN+ and DPN+ by L-aldomc acids The experimental de- 
tails were as in Fig 2, pH 8 6, temperature, 24° Curve A shows the rate of reduction 
of TPN+ in the presence of L-gulonolactone, Curve B, reduction of TPN+ b 3 ^ l- 
gulonate. Curve C, reduction of TPN'*' by n-galactonate , Curve D, reduction of DPN+ 
by L-gulonate, Curve E, no substrate addition 

ments outhned in Table VI also show that part of the ascorbic acid destruc- 
tion in the crude extiact is non-enzymatic in nature 
The abihty to separate two gioss components of the enzyme system has 
simplified considerably the approach to individual enzymes involved in the 
biosynthesis 

Oxidation of TPNH by B-Glucuronolactone — The abihty to separate the 
hver extract into two fractions suggested that each fi action might catalyze 
a separate stage in the conversion of D-glucui onolactone to L-ascorbic acid 
It w’^as found m fact that a dialyzed protein preparation obtained by am- 
momum sulfate fractionation of the supernatant fluid ivhch remained after 
centrifugation of the hver extract at 100,000 X Q catalyzed the oxidation of 
TPNH by D-glucuronolactone Fig 2 shows that TPNH added alone to 
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the deal fi action is not oxidized, since there was essentially no change in 
absorbance at 340 m/x Howevei , when either D-glucuronic acid, D-glucuro- 
nolactone, oi n-galacturonic acidwasadded, there wasa decline in absorbance 
corresponding to oxidation of the TPNH The late of oxidation of TPNH 
by D-glucuronolactone was not significantly different from the rate with 
the free acid The reduction pioducts have not yet been identified vith 
certainty It appears hkely that L-gulomc acid (or its lactone) is formed 
fiom D-glucuromc acid and L-galactonic acid (or lactone) from D-galac- 
turonic acid by reversible, pyiidine niicleotide-hnked reactions, since, 
ivhen eithei L-gulonate or L-galactonate was incubated with TPN+ and 
the enzyme fraction at pH 8 6, reduction of TPN+ was found to take 
place (Fig 3) The rate and extent of reduction weie consistent mth the 
view that the conversion of the D-uromc acid to L-aldomc acid is revers- 
ible Both the lactone and free acid forms of L-gulomc wmre active in the 
reverse direction, D-gulomc acid, the other stereoisomer, was not active 
It ivas found that DPNH and DPN+ could replace TPNH and TPN+, 
respectively, in the forward and reverse reactions, however, the rate of reac- 
tion with DPN+ ivas considerably lower (Fig 3) The rat hver fraction 
used m these spectrophotometric experiments was unable to convert either 
of the L-aldomc acids to L-ascorbic acid 

From these experiments it may be tentatively concluded that the rat 
hver fraction catalyzes the reversible Reactions 5 and 6 

(5) D-Glucuromc acid -1- TPNH -}- H+ -♦ L-gulonic acid -f rPN"*" 

(6) D-Galacturonic acid -i- TPNH -p H+ L-galactonic acid + TPN+ 

Lactonase Activity of Rat Liver Extracts — Because of the apparent depend 
ence of the pertment plant enzymes on lactone or ester forms of the uromc 
and aldomc acid precursors of ascorbic acid and because, on the other hand, 
the free acids as well as the lactones appear to be fully active m the rat 
hver extract here studied, the activity of the rat hver extract in catalyzing 
hydrolysis of the lactones of pertinent aldomc and uromc acids has been 
examined Some typical findings (Fig 4) shoiv that the rat hver extract 
vigorously hydrolyzes the 7-lactones of D-glucuromc acid, L-gulonic acid, 
and L-galactomc acid The course of the reactions was easily f ollov ed by 
measuring manometrically the hberation of acid groups in a C02-bi- 
carbonate buffer sy’^stem Some spontaneous, non-enzymatic, hydrolysis 
took place 

It is clear from the reaction curves shown tjiat the aldomc and uromc 
lactones are hydrolyzed at rates considerably greater than the rate of forma- 
tion of ascorbic acid in these extracts Hoivevei , over the 2 hour incubation 
periods in the assay foi ascorbic acid synthesis, it would appear that sig- 
nificant concentrations of the lactones were usually present for a considerable 
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period follomng their addition to the test system as precursors, in addition 
to the free acids formed by their enzymatic hydrolysis The samples of 
D-glucuromc acid and L-gulonic acid used were found to contain at the 
most only small amounts of the lactones, as determined by the hydroxanuc 
acid test If the enzymes concerned in ascorbic acid formation from d- 
glucuronic acidrequiie the intermediates in the foim of lactones or esters, 
then it IS necessary to assume that the liver extracts employed in this study 
can foim the lactones or esters fiom the free uronic andaldomc acids which 
are experimentally added as precursors 
The protein fractions described above, which catalyze the oxidation of 



Fig 4 Enzymatic hydrolysis of lactones The test system contained 0 02 ii 
NaHCOj, 0 02 M lactone, and 0 7 ml of rat liver extract or H2O in a total volume of 
2 5 ml The reactions took place in Warburg vessels at 37°, gas phase, 95 per cent 
N2-5 per cent CO2 Curves A and A' represent the rates of enzymatic and non- 
enzymatic hydrolysis of n-glucuronolactone. Curves B and B', n-gulonolactone, and 
C and C', L-galactonolactone 

TPNH by D-glucuromc acid and its lactone, were also found to contain 
considerable lactonase activity The lactonase activity of rat liver ex- 
tracts has quite different specificity from the bacterial lactonase studied 
by Brodie and Lipmann (17) 

Other Properties of Enzyme System — The rat hver extracts weie usually 
utilized immediately after preparation However, when kept frozen at 
~ 15°, they retained essentially f ull activity in the conversion of D-glucurono- 
lactone to ascorbic acid for at least 3 weeks Extracts of acetone-dried 
rat hver had no activity The optimal pH for the over-all reaction was 
found to he between 7 0 and 7 6 There was no activity at pH 6 0, at pH 
8 0, 75 per cent of the maximal activity was observed 

The effect of some inhibitors was tested Although 5 X 10“^ m cyamde 
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did not inhibit the synthesis, a concentration of 0 01 M reduced activity by 
one-half Sodium azide at 0 008 M had no inhibitory action It would 
therefore appear that cytochrome oxidase is probably not involved in the 
biosynthesis of ascoibic acid, the inhibition of the system at higher con- 
centrations of cyamde could conceivably be caused by cyanohydnn forma- 
tion ivith one or another of the reaction components The synthesis is 
inhibited about 60 per cent by 0 008 m oxidized glutathione, about 60 per 
cent by 0 008 M lodoacetamide, and about 50 per cent by 0 008 m p-chloro- 
mercuribenzoate About 60 per cent inhibition was caused by 2 X 10~^ m 
2,4-dmitrophenol Fluoride (0 008 m) and arsenate (0 008 m) mhibited 
only shghtly 

Chloretone, which increases ascorbic acid excretion m rats, did not accel- 
erate the activity of the liver enzyme system either v hen added in vitro or 
when admimstered to the rats prior to the preparation of the enzyme ex- 
tiact 

Attempts were made to improve the yield of ascorbic acid in these 
tests by addition of reduced glutathione, which is able to reduce dehydro- 
ascorbic acid non-enzymatically However, although reduced glutathione 
reduced the rate of destruction of added ascorbic acid, it did not increase 
the rate of formation of ascorbate from glucuronic acid, concentrations 
above 8 X 10“® m were sigmficantly inhibitory 

Distribution of Enzyme System in Different Species — Prehimnary experi- 
ments have revealed that the conversion of D-glucuromc acid to L-ascorbic 
acid occurs m extracts of the livers of the lat, mouse, rabbit, and dog, but 
not m hver extracts from the guinea pig, a species requinng dietary ascorbic 
acid The hver extracts were prepared and the tests performed exactly 
as described for the case of rat hver 

A number of experiments were carried out in order to account for the 
failure of guinea pig liver extracts to form ascorbic acid It was found 
that the hver extract of guinea pig destroyed added L-ascorbic acid at about 
the same rate as rat liver extract (Table VII) , it thus appeared unlikely 
that an extiaordmarily high rate of destruction in the guinea pig hver could 
be entirely responsible for the failure to detect formation of ascoibic acid 
It was found that addition of the inactive guinea pig hver extract to rat 
hver extract of known activity caused some inhibition (35 per cent) of 
ascorbic acid formation by the latter (Table VII) However, the specificity 
of this inhibition can be questioned, since it was found that formation of as- 
corbic acid by rat liver extract was not proportional to concentration of the 
latter but actually fell off with increasing concentration beyond a certain 
point Such effects could conceivably be caused by increased rates of enzy- 
matic destruction of one or another cofactoi , necessary for formation of as- 
corbic acid as the concentration of the extract in the test system is m- 
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Cl eased If the guinea pig liver extiacts contain a specific inhibitory 
factoi, it does not appeal to be a potent one 
The most significant experiments veie piovided by tests of the super- 
natant fi action and the lesidue obtained by the centiifugation of the guinea 
pig hvei extiact at 100,000 X <7 It w ill be i ecalled that the rat hvei exti act 

can be sepaiated into tv o heat-labile fi actions m this mannei , both of v hich 

Table VII 

Enzymatic Defect in Liver Fractions of Guinea Pig 
Test sj'stem exactly as described in T able I Rat liver and guinea pig liver extracts 
were prepared as described in the text Each w as then subjected to centrifugation 
at 100,000 X g, yielding a supernatant fraction and a residue fraction These were 
tested singly or in combination, as shown below Substrates were 0 004 m D-glucuro- 
nolactone or 0 0004 m L-ascorbic acid, as shown Guinea pig = g p 


Expen 

ment 

No 

Enzyme preparation 

Substrate 

Net chanpe 
m “total” 
ascorbic acid, 
pmoles 

1 

Rat liver extract 

D-Glucuronolactone 

4-1 03 


Gp " 

tt 

-0 05 

2 

Rat “ 

L-Ascorbate 

-0 45 


Gp “ 

tt 

-0 45 

3 

Rat “ 

D-Glucuronolactone 

+1 17 


Gp “ 

tt 

-0 04 


Rat “ “ + g p liver extract 

tt 

+0 75 

4 

G p supernatant fraction 

tt 

-0 04 


“ residue fraction 

tt 

-0 02 


“ supernatant fraction + g p residue 
fraction 

It 

4-0 01 


Rat supernatant fraction + rat residue 
fraction 

tt 

4-0 89 


G p supernatant fraction -|- rat residue 
fraction 

tt 

4-0 55 


G p residue fraction -f- rat supernatant 
fraction 

tt 

4-0 01 


are required foi conversion of D-glucuromc acid to L-ascoibic acid The 
guinea pig hver extract, oi the two subfi actions deiived fiom it, is mactn e 
(Table VII), but, when the supernatant fi action of guinea pig Iwer are com- 
bined vnth the residue fraction of rat hver, the combination was found to 
be capable of forimng ascorbic acid Conversely, when the residue frac- 
tion of guinea pig was combmed with the supernatant fraction of rat 
hvei, no activity was obtained 

From these experiments it may be concluded tentatn ely that the inactiv- 
ity of guinea pig hvei ex ti acts is piobably not caused b 3 ’’ the occurrence 
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of an e\tiemely high rate of destruction of ascorbic acid or by the presence 
in the guinea pig of specific factors highly inhibitory to the enzymatic con- 
veision of D-glucuronolactone to ascorbic acid It appears more likely 
that a necessary enzyme oi cofactor is lackmg m the gumea pig liver ex- 
tiact, a factor which normally is present m lat liver extract m the fraction 
sedmientmg at 100,000 X g 


DISCUSSION 

The gross leaction pattern involved in the enzymatic conversion of n- 
glucuronic acid to ascorbic acid as it occurs in the hver extracts described 
heie appeals to be entirely consistent with the results of the isotopic investi- 
gations of ICing and his colleagues on the intact lat (1-4) and the reaction 
pattern postulated by Isherwood et al (5) There are obvious points of 
similarity between the enzymatic pioperties of the rat hvei extracts and the 
plant extracts and plant mitochondiia studied by the Cambridge group 
(6, 7) In both cases a D-uromc acid, or its lactone, is converted, presum- 
ably to the coiresponding L-aldomc acid, or lactone, in a pyridine-hnked 
reduction step, and the L-aldomc acid is then oxidized to L-ascorbic acid 

On the other hand, there appear to be some significant differences be- 
tween the rat hver and the plant systems which deseive mention The 
plant extracts and mitochondria appear to involve only D-galacturono- 
lactone as precursor, with L-galactonolactone as inteimediate (6, 7), whereas 
the rat liver extract is capable of utihzing either D-glucuiomc or D-galac- 
turonic acid as precuisor, the former being moie effective 

A second point of difference is that the plant extracts and mitochondiia 
require the lactones or esterified forms of D-galacturonic acid and L-galac- 
tomc acid and do not act on the free acids (6, 7), whereas the rat hver ex- 
tracts appear to be almost equally active with either the free acid oi lactone 
foims of the D-uromc and L-aldomc acid intermediates Furtheimoie, the 
hver extracts catalyze hydiolysis of the lactones of the uronic and aldonic 
acids at very high rates The possible occurrence of enzymatic lactoni- 
zation reactions in the rat livei extracts is not excluded, and is being investi- 
gated furthei Obviously, m the conversion of free L-gulonic acid to n- 
ascorbic acid, a lactomzation step must occur, although this need not nec- 
essaiily be enzyme-catalyzed 

Another point of difference between the lat hvei system and the plant 
system lies in the intracellulai locahzation of the enzymes concerned Map- 
son et al have found that mitochondria from geirmnating pea seedhngs 
catalyze the conversion of L-galactonolactone to ascorbic acid (6) , howexmr, 
we have found that the mitochondria of rat hver have virtually no activity 
m any phase of the conversion of D-glucuromc or n-galacturonic acid to 
ascorbic acid Essentially all the actmty in these processes has been found 
to be m the soluble fraction and the imcrosomes of rat hver homogenates 
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Fuitheimoie, the formation of ascorbic acid in the hver extracts was not 
inhibited by low concentiations of cyanide, whereas the reaction in plant 
mitochondiia was evidently dependent on cytochiome oxidase (6) 

The lequiiement foi ATP in the lat hvei system suggests that enzymatic 
phosphorylation of an intermediate may occur On the othei hand, the 
ATP may be concerned in a secondaiy leaction, such as phosphorylation 
of DPN to foim TPN Undine diphosphoglucuromc acid is known to be 
active m formation of glucuiomdes (14, 15), but all attempts to estabhsh 
participation of undine nucleotides in ascorbic acid formation from n-glu- 
curomc acid yielded negative lesults In fact, UTP was found to inhibit 
acid formation fiom D-glucuiomc acid, lehef of this inhibition was provided 
by glucose It is piematuie, however, to eliminate the undine nucleotides 
from further consideiation in this connection Obviously, further investi- 
gation on more punfied enzyme preparations is required to estabhsh the 
natuie and the lole of cofactors 

The two majoi reaction steps have been under more intensive investi- 
gation and wiU be reported on in more detail elsewhere It is pioposed to 
utihze this information directly in order to estabhsh more precisely than 
has yet been possible (Table WI) the nature of the presumably gene- 
hnked enzymatic defects in the tissues of primates and the gmnea pig, 
which may explain the dependence of these species on dietary ascorbic acid 

SU2UMARY 

Rat hver extracts convert n-glucuromc acid or n-galacturomc acid or 
their lactones to ascorbic acid After dialysis of the extracts, it was 
necessary to add adenosme tiiphosphate, diphosphopyridine nucleotide 
(DPN), Mg++, and mcotmamide for full activity Aging of the extracts 
revealed a requirement for tnphosphopyridine nucleotide (TPN) , a number 
of other coenzymes, including undine nucleotides, was found to have no 
stimulating effect on the conversion The hver extracts also destroyed 
added L-ascorbic acid at a high rate 

Both L-gulomc acid and L-galactomc acid, and their lactones, were con- 
vei ted to ascorbic acid at rates suggesting that they could be intermediates 
in formation of ascorbic acid from D-glucuronic acid and D-galacturonic 
acid, respectively, accordmg to the mechanism suggested by Isherwood, 
Chen, and Mapson The D-aldomc acids were not active as precursors 
Fiactionation of the liver extracts yielded a protein preparation capable of 
catalyzing the oxidation of TPNH by D-glucuromc acid and the i eduction 
of TPN+ by L-gulonic acid, suggesting that Reaction 5 

D-Glucuronate -t- TPNH -f H+ L-gulonate + TPN+ 

represents the first stage in the conversion of D-glucuromc acid to L-ascorbic 
acid DPN could replace TPN in this reaction, but was much less active 
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Both the free acid and lactone forms of the precursors were fully active 
in both stages of the conversion in liver extracts The extracts contained 
a lactonase capable of hydrolyzing the lactones of the pertinent uronic 
and aldomc acids at very high rates 
The enzymatic formation of ascorbic acid from D-glucuronolactone was 
observed to occur in liver extracts of rat, mouse, dog, and rabbit, but not 
from the guinea pig, a species lequirmg dietaiy ascorbic acid The failure 
of the guinea pig liver extracts in this conversion is probably not caused by 
the presence of an inhibitoiy factor or an excessively high rate of destruc- 
tion of ascorbic acid, but rather by the absence of a heat-labile factor, 
which in rat hver, at least, is normally present in a piotem fraction sedi- 
mented from the extiact at 100,000 X g 
Differences in the plant and ammal enz3rme systems were discussed 

The authors msh to express their appreciation to Dr M L Wolfrom, 
Department of Chemistry, Ohio State Umversity, Columbus, Ohio, for 
samples of L-gulono-y-lactone and i.-galactono-o'-lactone, to Dr N K 
Richtmyer, National Institute of Aithiitis and Metabohc Diseases, Beth- 
esda, Maryland, for a sample of L-galactono-y-lactone, to Dr CL 
Mehltrettei, Northern Utilization Research Branch, Umted States De- 
partment of Agnculture, Peoria, Ilhnois, for a sample of calcium L-gulon- 
ate, to Dr Peter P Regna, Chas Pfizer and Company, Inc , for samples of 
L-gulonolactone and calcium L-galactonate, and to Miss Dorothy Jacobs 
for technical assistance 
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SYNTHESIS OF 6-SUCCINOAMINOPURINE* 


By CHARLES E CARTER 

(From the Department of Pharmacology, Yale University, 
New Haven, Connecticut) 

(Received for publication, April 6, 1956) 


The structure proposed for adenylosucciruc acid (6-succinoairunopurine- 
9-ribosyl-5 '-phosphate), the product of the enzymatic reaction of adenosine- 
5'-phosphate wuth fumaric acid (1, 2), is supported by a synthesis of the 
aglycone (III) from 6-chIoropurine (II) and aspartic acid (I) reported in 


H 

I 

HO 0 C— C— CHj— C 0 OH 

I 

NHs (I) 

+ 

Cl 

I 

y\/N^ 

N I 



(II) 
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HOOC— C— CHj— COOH 

I 

NH 


N 


/N\ 


\N/ 


-NH 


-I- HCl 


(III) 


this paper This reaction, which appears apphcable to the condensation of 
several ammo acids vuth 6-chloropurme, is conducted in aqueous solution 
at pH 9 5 The compounds formed exhibit an ultraviolet absorption 
maximum at 270 to 275 m/z in acid and those bearing two carboxyl substit- 
uents (denved from aspartic acid or glutamic acid) or a sulfomc and a 
carboxyl group (cysteic acid) are characterized by labihty of the purine 
ring to acid hydrolysis vuth resultant formation of a diazotizable amine 
The amine exhibits an ultraviolet absorption maximum at 267 mju m acid, 
and IS chromatographicaUy identical with 4-anuno-5-imidazolecarboxamide 
(V) and different from 4-amino-5-imidazolecarboxyhc acid and 4-amino- 
imidazole, according to the chromatographic and spectral data for these 
compounds reported by Rabmowitz (3) In the case of the acid hydrolysis 
of 6-succinoaminopurine, which has been most extensively studied, aspartic 
acid IS formed in addition to the diazotizable amine It is suggested that 
the acid hydrolysis of 6-succmoaminopurine involves the formation of an 

* Supported by grants from the United States Public Health Service and the 
Atomic Energy Commission 
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intermediate anhydnde (IV) by the internal condensation of a substituent 
carboxyl with the mtrogen of the iimdazole iing corresponding to N-7 of 


(III) 


HCl 
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I \ 
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(IV) 
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HO 0 C— CH— CHo— CO OH 
- 1 - 

0 


HsN 


/ \/N^ + HCOOH 


H2N 




-NH 


(V) 


the punne The breakdown of such an intermediate would account for 
the acid labihty of G-succinoammopunne However, chromatographic or 
spectrophotometnc evidence has not been obtained in support of the ex- 
istence of such an intermediate 

The identity of the natural aglycone, produced by mild acid hydrolysis 
of adenylosuccimc acid and G-succmoammopurme of synthetic ongm, is 
based upon corresponding chromatographic behavior of the compounds in 
several solvent systems and with the amon exchange resin, on similar rates 
of degradation in acid with resultant formation of the same diazotizable 
amine, and on identical characteristics of spectrophotometnc titration 


EXPERIMENTAL 

Synthesis of d-Succinoaminopunne — ^Prehmmary investigation of the re- 
action of G-chloropunne and aspartic acid in aqueous solution indicated 
that conditions were optimal at pH 9 5, and that both yield and ease of iso- 
lation of product were superior to those emplo 3 ung non-aqueous solvents 
■with basic catalysis 

2 gm of G-chloropurine (Dougherty Chemicals) and 1 2 gm of L-aspartic 
acid were added to 35 ml of water, and the mixture was brought to pH 9 5 
with concentrated KOH The solution was refluxed for 3 hours, cooled, and 
added to 1 htei of absolute ethanol After standing overmght at 4°, the 
precipitate was separated by filtration and w^ashed wuth 100 ml of cold 
absolute ethanol After the precipitate w'^as dried in vacuo, 2 15 gm of 
crude product were obtained, this exhibited an absorption maximum at 
27G m /1 in acid From a predicted extinction coefficient at this wave 
length for G-succmoaminopunne of 17 2 X 10^, based on a quantitative 
conversion of the parent nucleotide to the aglycone by acid hydrolysis (1) 
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and the piesence of aspaitic acid as detei mined by the nmhydrm leaction, 
the crude product was estimated to contain about 60 per cent 6-succmo- 
ammopuime Neither unchanged 6-chloiopuiine noi hypoxanthine could 
be detected m the ciude pioduct by papei chiomatogiaphy 

Purification of 6-succmoammopuiine was achieved by dissolving 400 mg 
of the crude product in 20 ml of v ater (pH 8 0) and allowing this solution 
to percolate thiough a column 12 X 200 mm composed of 2 parts charcoal 
and 1 pait Cehte The effluent contained no ultraviolet-absoibmg ma- 
terial, and over 90 per cent of the aspartic acid of the ciude product was re- 
covered m this fraction The column was then washed vuth water and 
successive 10 ml fractions of effluent were collected The first two frac- 
tions, which contained 20 mg of 6-succmoaminopurme and a small amount 
of aspartic acid, were discarded The subsequent 100 ml of effluent con- 
tained no anuno acid and all of the remaimng ultiaviolet-absorbmg ma- 
terial This fraction was concentrated to 4 ml and added to 300 ml of 
absolute ethanol After standing overmght at 4°, the crystalline precipi- 
tate was lemoved by filtration, washed with absolute ethanol, and dned 
in vacuo Purified 6-suecinoaminopunne was obtained m a yield of 175 
mg as the dipotassium 2 H 2 O salt mth an extinction coefficient of 17 6 X 
10^ m acid at 276 mu (Table I) Analysis^ of the compound dned in vacuo 
at 25° indicates 2 molecules of Avater of crystallization Calculated for 
C 9 H 8 O 4 N 6 K 2 2 H 2 O, C 29 8, H 3 6, 0 26 6, N 19 4, found, C 28 5, H 3 07, 
0 26 7, N 18 8 The compound piogiessively darkens above 255° and de- 
composes Avith evolution of gas at 298° 

The reaction of 6-chloropurme AAuth aimno acids has been apphed to 
glutaimc acid, cysteic acid, glycine, lysine, and histidine Conditions simi- 
lar to the reaction described for the synthesis of 6-succinoammopurme Avere 
employed AAuth 200 mg of 6-chloropurine and a relative excess of ammo acid 
of 0 5 M dissolved m 3 5 ml of water at pH 9 5 After refluxing for 3 hours, 
the mixture AA^as poured into excess absolute ethanol and the precipitate 
collected by filtration For the ammo acids hsted above, the ethanol pre- 
cipitate contained crude substituted ammopurme, estimated by spectro- 
photometry to be equivalent to about 25 to 35 per cent of the theoretical 
yield The principal contaminant AA’^as m each case the unchanged ammo 
acid Paper chromatogiaphy in seA'^eral soh'^ent systems shoAA'ed a single 
ultraviolet-absorbing component (Table I) Because of the small amounts 
of these compounds and then high solubihty in aqueous and non-aqueous 
solvents, furthei purification could not be achieA’^ed by cij’^stalhzation, and 
the data presented for these compounds are intended to demonstiate the 
potential scope of the reaction rather than the preparation of definitiA'^e 
compounds Each of the compounds shoAA'^s an absorption maximum m the 

* Huffman Microanalytical Laboratories 
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275 m/x region, and, by companson mth the natural and S3Tithetic aglycone, 
IS assumed to have an extinction coefficient at the maximum of approxi- 
mately 16 to 17 X lO^ On this basis, the ciude products for which data 
aie piesented m Table I are approximately 50 to 60 per cent puie 
Companson of 6-Swcinoamznopunne with Aglycone Denved from Adenyl- 


Table I 

Paper Chromatography 


Compound 

Absorb- 
ance X 10’ 

in 0 1 N 

HCl 

paper chromatography 

Sp amine 
product of 
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degradation 

Ultraviolet absorption, mg 

. 276 
nv* 

Solvent 

1 

Solvent 

2 

i 

Solvent 

3 

Solvent 

1 

Solvent 

2 

0 I N HCl 

0 1 K NaOH 

Maxi j 
mum 

Mini , 
mum 

Maxi 

rauro 


6 -Succinoamino- 

1 






i 




purine 

17 6 

0 26 

0 53 

0 37 



276 

235 

275 

244 

Aglj'cone from 











adenylosucci- 











nate 

17 2 

0 26 

0 53 

0 37 


0 38 

276 

235 

275 

244 

6 -Glutamjd pu- 











rme 

10 9 

0 27 

0 67 

0 46 


0 38 

276 

236 



6 -Glycyl purine 
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0 61 

0 46 
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0 33 

0 31 
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6 -Histid 3 d purine 

8 9 

0 42 

0 57 

0 46 



278 
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6 -L 3 ’^s 3 d purine 
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0 45 

0 56 

0 53 
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0 69 

0 76 
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4-Amino-5-imida- 











zolecarboxam- 
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0 54 

0 38 
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1 1 
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Solvent 1 Concentration, NH^OH, 10, H 2 O, 20, isoprop 34 alcohol, 70 Pouble 
zoning in this solvent may be encountered, depending on the amount of inorganic 
cation present Solvent 2, butanol, 50, H 2 O, 25, acetic acid, 25 The 4 -anuno 5 
imidazolecarboxamide standard was put on the paper in 1 n HCl solution Solvent 
3, 1 M NH 4 AC, 3 5, ethanol, 7 0 

osuccimc Acid by Acid Hydiolysis — ^The aglycone of adenylosuccinic acldhas 
not been recovered as a sohd, following acid hydiolysis of the parent nucleo- 
tide (1, 2), because of the hmited amounts of the nucleotide available and 
the high solubihty of the aglycone and its salts m a vanety of solvents 
The identification of the aglycone with 6-succinoaminopurine is based on 
chromatographic and spectiophotometnc criteria and the chaiactcustic 
labihty of the compound m acid to yield a diazotizable amine Table I 
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summarizes the ultraviolet absorption characteristics and the chroma- 
togiaphic behavioi of the natural and synthetic aglycone and the diazotiz- 
able annne deiived by acid hydiolysis 
These compounds may also be isolated and determined by anion exchange 
chiomatogiaphy On a Dowe\ 1, 2 per cent cross-linked, 200 to 400 mesh 
lesin column m the acetate foim, 10 cm long and with a 1 cm diametei, 
the pioducts of a 10 houi hj'^drolj^sis of adenylosuccmic acid (10 /imoles) and 
an equivalent amount of the sjmthetic aglycone in 0 5 n HCl at 100° veie 
compared Under these conditions some of the aglycone and the derived 
diazotizable anune lemained at the end of the hydrolysis period In both 
cases the diazotizable amine with an ultraviolet absorption maximum at 
267 mu vas eluted from the column with 0 05 m NH 4AC adjusted to pH 
4 0 Tieatment of the column vith 0 25 M NH4AC, pH 4 0, remoi'-ed 6-suc- 
cmoammopurme and the agl3'-cone deiived fiom adenylosuccmic acid m a 
single symmetiical peak between 60 and 120 ml of effluent 
Spectiophotometiic chaiacteristics dependent upon the dissociating 
groups of the natural and synthetic aglycone of adenylosuccmic acid aie 
shown in Fig 1 The data demonstrate the coriespondence of the natuial 
and synthetic aglycone and suggest the presence of two groups with pK 
values of 4 0 and 5 3 These dissociations are assigned to the substituted 
ammo and the secondary carboxyl gioup, though not necessarily respec- 
tively In contrast to the nucleotide, in vhich a dissociation at pH 2 1 
attributed to a carboxyl gioup clearly influences spectiophotometiic ratios 
(2), no coiresponding spectrophotometric evidence for this dissociation is 
seen m the data for the aglycone presented in Fig 2 However, electio- 
metnc titration vuth HCl of the purified synthetic aglycone, 6-succmo- 
aminopurme, resulted m the consumption of 2 92 equivalents of acid pei 
mole of 6-succmoammopurine between pH 8 0 and 2 0 and indicates the 
presence of two free carboxyl groups and the substituted ammo group 
The lability of the purine ring of 6-succmoarmnopurine and the corie- 
spondmg glutamic acid and cysteic acid derivatives to acid hydrolysis chai - 
acterizes this group of compounds and affords another basis of corre- 
spondence between the natural and synthetic aglycones In Fig 2 the 
production of diazotizable amine by acid hydrolysis from a series of re- 
lated compounds is shovm In the case of the aglycone of adenjdosuccmK 
acid, synthetic 6-succinoaminopurine, and the analogous glutamic acid and 
cysteic acid denvatives, acid hydrolysis is associated vath a decreasing ab- 
sorption at 265 and 275 myn, a decrease in the latio of absoiption of 265 
m^ to 275 m,u, and the appearance and destruction of diazotizable amine 
These data for 6-succmoammopurme are recorded m Table II Paper and 
ion exchange chromatography of hydrolysis mixtuies of these compounds 
show the piogressive disappearance of the substituted puiine vith the 
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pioduction of a common ultraviolet-absorbing component which exhibits a 
maMimim at 265 mu in acid and leacts with the Biatton-Marshall re- 
agent The diazotizable aimne accounts for about 40 pei cent of the onginal 
puiine, and is cluomatographically identical with 4-amino-5-imidazolecar- 
boxamide (Table I) The amine product of acid degradation of the 


tu f 

z "1“’ 
CD 

g 2 

m ^ 
< cc 



, Fig 1 Fig 2 

Fig 1 The natural aglycone was derived from adenjdosuccimc acid by hydroly 
SIS of the nucleotide in 1 N HCl for 15 minutes at 100°, conditions which have been 
shown to lead to complete hj'^drolysis of the riboside linkage without degradation of 
the purine moiety (1, 2) An aliquot of the h}^drolysis mixture (•, natural) was 
added to 0 1 n HCl in amount sufficient to give an absorbance (density) reading at 
276 m;u of 0 800 Purified S 3 mthetic 6-succinoaminopurme (X, synthetic) was dis 
solved in 0 1 N HCl at a comparable concentration, and the solutions were titrated 
with 2 N KOH at the glass electrode 

Fig 2 10 ;umoles of each compound, determined spectrophotometrically, were 
dissolved in 2 ml of 1 n HCl and heated in a boiling w ater bath Samples of 0 05 
ml w ere withdraw n at intervals and diazotizable amine w as determined by the Brat 
ton-Marshall procedure Adenylosuccinic acid, • , 6-succmoaminopurine, X , 6 
glutaroammopurine, O, C 3 ’^steie acid analogue. A, gb'^cine analogue, □, hypoxan 
thine, ■ 


substituted purines has not been further characterized, but from the forego- 
ing evidence and the spectral data foi 4-ammo-5-inndazolecarboxyhc acid 
and 4-aminomndazole, as w^ell as the extieme labihty of these compounds 
reported by Rabmowntz (3), the armne is believed to be 4-aniino-5'ini- 
idazolecarboxanude 

While ammo acid-substituted purines such as kmetm (6-furfurylamino 
purine) (4) and 6-methylaimnopuiine (5) are resistant m the purine ring 
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to mild acid degradation, Fig 2 shows that the glycine-substituted punne 
IS to some extent degiaded in 1 n acid to diazotizable amine In the case 
of 6-chloropuime, small amounts of diazotizable amine are formed, but 


Table II 

And Hydrolysis of 6-Succtnoaminopurrne 
10 of the purified dipotassium salt of G-succinoaminopunne were dissolved 

in 2 ml of 1 N HCl and heated in a stoppered tube in a boiling water bath Samples 
of 0 05 ml vere withdrawn at intervals for spectrophotometry, after dilution to 4 
ml with HiO, and for diazotizable amine determination by the Bratton-Marshall 
method 
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0 94 

3 2 


1 13 

3 60 





Table III 

Chromatography of Acid Degradation Products of 
Carhoxyl-Lq.heled Adenylosuccinic Acid 

Carboxjd-labeled aden 3 dosuccimc acid was added to the unlabeled compound to 
give a final concentration of 14 mg of adenylosuccinic acid in 4 ml of 1 0 n HCl 
containing a total radioactivitj’’ of 254,000 c p m as determined for an infinitely thin 
layer in a windowless counter The solution was refluxed for 5 hours, diluted to 100 
ml , and adjusted to pH 3 0 This solution was then percolated through a column of 
1 cm diameter and 10 cm long of Dowex 50-H''', 200 to 400 mesh 
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4-Aimno-5-imidazolecarboxam- 
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+ 

267 


ide 




1 


labihty is to a great extent masked by the rapid transformation of this com- 
pound in acid solution to hypoxanthine, which is resistant to acid degrada- 
tion 

The products of acid hydrolysis were further charactenzed by emploinng 
a sample of adenylosuccimc acid labeled t\nth in the two carboxyl groups 
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(1, 2) The hydrolysate was resolved on a cation exchange resin in the 
H+ form The 0 5 n HCl eluate, which was shown by paper chromatog- 
raphy to contain only aspartic acid (Table III), accounted foi most of the 
oiigmal radioactivity, and this was identified with aspartic acid A small 
amount of activity was associated with the unhydrolyzed 6-succinoammo- 
purine, but the only other ultiaviolet-absorbing component, the amino- 
imidazole product of hydrolysis, was devoid of radioactivity In acid 
hydrolysates of 6-succinoaminopurine, which result from prolonged heating 
in 3 N HCl, small amounts of /3-alamne aiising from decarboxylation of 
aspartic acid, and glycine aiising from degradation of the iimdazole nucleus, 
have been detected by paper chromatography 
Alkahne hydrolysis destroys B-succmoanunopurme without formation of 
diazotizable amine, but the products of this reaction have not been iden- 
tified 


SUMMARY 

A compound chromatographicaUy and spectrophotometrically identified 
as the aglycone of adenylosuccimc acid was synthesized from 6-chloropunne 
and aspartic acid and assigned the structure, 6-succmoantnnopurine The 
leaction appeals apphcable to several amino acids 
Synthetic 6-succmoanunopurine and the natural compound derived fiom 
adenylosuccimc acid exhibited lability of the purine nng to 1 n acid hydrol- 
ysis at 100° and yielded 4-anuno-5-imidazolecarboxamide and aspartic acid 
under these conditions 
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UNCOUPLING OF OXIDATII^ PHOSPHORYLATION 
BY CADMIUM ION* 

By earl E JACOBSt and MIRIAM JACOBf 
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of Wisconsin, Madison, Wisconsin) 

AND D R SANADII AND LOUISE B BRADLEY 

{From the Dcpaitmcnt of Physiological Chemistry, University of 
California School of Medicine, Berkeley, California) 

(Received for publication, April 9, 1956) 

Phosphorylation coupled to the aerobic oxidation of succinate or reduced 
diphosphopyiidme nucleotide is uncoupled by low concentrations of a 
vanety of compounds of uni elated structure hke mtrophenols (2, 3), granu- 
cidin (3), and calcium ions (4) The present report describes uncouphng 
by cadrmum ions at low concentrations and recouphng in the presence of 
EDTA^ or dithiols 


EXPERIMENTAL 

Mitochondria from rat hver were isolated in 0 25 m sucrose according to 
Schneider (5) and suspended in 1 ml of 0 25 m sucrose per gm of fresh hver 
Rabbit hver rmtochondria, used only for the expeiiments m Table I, were 
prepared by gnnding the tissue in 0 25 m suciose in a Waring blendor at 
reduced speed (6) and were suspended m 1 ml of sucrose solution per 2 
gm of hver 

The reaction mixture (3 ml ) for measuring oxidation and coupled phos- 
phorylation contained 0 013 m potassium phosphate at pH 7 4, 0 002 m 
ATP , 0 017 M glucose, 0 003 m magnesium chloride, 0 05 mg of hexokinase, 
0 007 M potassium fluoride, 0 017 m succinate, and mitochondrial suspension 

* A preliminary report of this m ork v, as presented at the meeting of the American 
Society of Biological Chemists at San Francisco, April, 1955 (1) 

This investigation was supported by grants from the National Institute of Arthri- 
tis and Metabolic Diseases, National Institutes of Health (grant No A-596), and the 
American Heart Association 

t Postdoctoral trainee of the National Heart Institute, National Institutes of 
Health 

t This work was carried out during the tenure of an Established Investigatorship 
of the American Heart Association 

' The following abbreviations wull be used ATP, adenosine triphosphate, DNP, 
2,4-dinitrophenol, EDTA, ethylenediaminetetraacetic acid, BAL, 2,3-dimercapto- 
propanol (British Anti -Lew isite) , P/0, ratio of micromoles of phosphate esterified 
to microatoms of oxygen consumed 
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equivalent to 0 3 to I 0 gm of liver Sucrose was added to give a final con- 
centration of 0 25 M The center well of the leaction vessel contained 0 2 
ml of 5 N KOH Oxygen consumption v. as measured in the Warburg ap- 
paratus at 30° for 15 to 20 nnnutes in an The flasks were equihbrated in 
the bath for 6 minutes Presumably, the reaction proceeded at the same 
rate dunng this period as in the next 6 minutes Additional components 
and dernations from these expenmental conditions are stated in the text 
or in Tables I to VIII 

For protein determination, 0 05 to 0 1 ml of imtochondrial suspension 

Table I 


Inhibitor from Aged Mitochondrial Preparations of Rabbit Liver 


Experiment No 

Further additions 

Oxygen 

P/0 



microaloms 


1 

None 

16 9 

0 21 


EDTA (1 X 10-2 ji) 

15 2 

0 51 


“ -f- S (1 0 ml ) 

18 9 

0 06 

2 

“ (lx 10-2 m) 

17 5 

0 47 


“ 4- S (0 9 ml ) 

19 2 

0 00 


" + heated S (0 9 ml ) 

18 9 

0 00 

3 

“ (IX 10-2 M) 

16 9 

1 30 


” -f heated S (1 0 ml ) 

20 3 

0 00 


Experiment 1, the rabbit liver mitochondrial suspension was stored at 0° for 60 
hours and then centrifuged The supernatant fluid is referred to as S The residue 
was washed twice with 0 25 m sucrose containing 1 X 10~® m EDTA and resuspended 
in the original volume of sucrose Experiment 2, as Experiment 1 , except that mito 
chondria were aged for 48 hours Experiment 3, freshly prepared mitochondria 
were used The S in this experiment was derived from mitochondria that had been 
aged for 48 hours The supernatant fluid, heated in a boiling water bath for 5 rain 
utes, was used where indicated In each case, 0 5 ml of the mitochondrial prepara 
tion or washed residue (approximately 10 mg of protein) was used 

Avas first mixed with 0 2 ml of 5 per cent deoxycholate, and, after 10 min- 
utes, the biuret reagent (7) was added The protein concentration was 
calculated from absorbency measurements wnth boxnne serum albumin as 
the standard Phosphate was measuied according to Fiske and Subbarow 
(8), and the hexokmase preparation was earned to Step 3a of the procedure 
of Berger and coAVorkeis (9) 

BAL and propane-1 ,3-dithiol weie purchased from the Aldrich Chemical 
Company, ATP ivas supplied by the Sigma Chemical Company, and ladio- 
active cadmium mtiate (Cd“®) wms obtained from the Atomic Eneigy Com- 
mission Cd“® has a half hfe of 43 days and is a /? enutter (17 m e v ) 
The samples w^ere plated on 1 inch alununum plates and radioactivity was 
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measured m a Tiacerlab, Geiger-Muller tube, counter The experimental 
samples and the standards weie counted under identical conditions in 
01 del to coirect for decay, back-scattering, and self-absorption 

Results 

Durmg the course of the experiments on lestoration of phosphorylation 
m mitochondria that had been subjected to vanous types of mild treat- 
ments, it was observed that, on prolonged storage at 0°, an inhibitor was 
released from labbit hver mitochondria into the sucrose medium (Table I) 
The residue, which was washed with sucrose-EDTA solution, showed re- 


Table II 

Relative Effects of Various Cations on Phosphorylation 
Coupled to Succinate Oxidation 


Salt 

Concentration 

Oxygen 

P/O 

None 

2jX10> 

imcroatoms 

13 3 

1 64 

CdCb 

3 3 

9 3 

0 14 

ZnCls 

3 3 

9 8 

1 30 

PbfNOals 

3 3 

12 6 

1 61 

HgCh 

3 3 

11 6 

1 68 

CuS04 

3 3 

10 7 

1 70 

CdCh 

1 7 

11 6 

0 72 

ZnCU 

1 7 

11 2 

1 

1 80 


The rat hver mitochondria (8 0 mg of protein) were mixed with the above salts 
in 1 0 ml of 0 25 M sucrose in Warburg flasks and allowed to stand for 10 minutes at 
0° The components listed in the text were then added The concentrations of 
the salts above are in the final volume of 3 0 ml 

sidual phosphate uptake which was increased by further addition of EDTA 
to the incubation medium When the supernatant fluid was also present, 
phosphorylation was uncoupled The inhibitor in the supernatant fluid 
was not destroyed by heating and subsequent removal of the coagulated 
protein More striking evidence for the presence of the inhibitor is seen 
in Experiment 3, in which phosphorylation in freshly prepared mitochondria 
was completely uncoupled by the supernatant fluid The effect of super- 
natant fluid vas mdependent of the effect of EDTA 
In order to test the possibihty that the inhibition was caused by metal 
ions released durmg agmg, e g copper from butjnyl CoA dehydrogenase 
(10) and zinc from glutamic dehydrogenase (11), the expenments pre- 
sented in Table II were carried out It was found that Cd++ uncoupled 
phosphorylation at extremely low concentrations, the ion next in potency 
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being Zn"^ Other metal ions inactive at 3 3 X 10"® m concentration in- 
clude Ba++, Ca++, Co++, Ni++, Be++, Fe++, Fe+++, and A1+++ Similar 
experiments have been carried out by Hunter and Ford (12), except that 



Fig 1 Uncoupling of phosphorylation by and reversal by EDTA Rat 
liver mitochondria (7 6 mg of protein) were incubated vith cadmium chloride in 1 0 
ml ol 0 25 M sucrose at 0° for 10 minutes and then EDTA (3 0 #imoles) was added to 
one set of flasks After another 5 minutes the remaining components were added 
The Cd'*'*' Tfcas added in amounts to give the above final concentration in 3 0 ml The 
solid lines represent P/0 and the dotted lines show oxygen taken up in 15 minutes 

Table III 


Reversal of Uncoupling by Dithiols 


Cd++ 1 

1 

Reagent 

1 1 

1 Oxygen 

1 

P/0 



[ mtcroaloms 


None 


11 2 

1 21 

3 3 X 10-® M 


9 2 

0 24 

3 3 X 10-® “ 

BAL (3 3 X 10-6 m) 

11 5 


3 3 X 10-6 “ 

“ (16 5 X 10-6 M) 

10 8 


3 3 X 10-6 “ 

Propane-1, 3-dithiol (3 3 X lO"® m) 

11 6 


3 3 X 10-6 “ 

“ (16 5 X 10-6 m) 

10 2 



the reaction mixture which they used contained tris(hydroxymethyl)- 
aminomethane buffer and higher concentrations of the metals Be++ at 
3 X 10"® M had an effect sirmlar to fluoride, it depressed respiration vuth- 
out changing the phosphate uptake so that a net increase in the value of 
P/0 was obtained Half maximal uncouphng of succinate oxidation oc- 
curred at 1 6 X 10"® M Cd++ and complete uncouphng at 5 X 10"® m (Fig 
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1) It IS of inteiest that approximately 10 times this concentration of 
DNP IS necessaiy to uncouple phosphorylation completely Concentra- 
tions of Cd++ higher than 10~® m produced sigmficant inhibition of the 
oxidative rate Barron and Kalmtsky (13) have previously shown inhibi- 
tion of succinate oxidation by Cd+^ in a non-phosphorylating system 
Hexokinase was not inhibited, even at 5 X 10“^ m Cd++ 

Reversal of Uncouphng — The uncoupling effect of Cd++ is completely 
overcome by 10“^ M EDTA (Fig 1) Dithiols are much more active re- 
versing agents than EDTA At a 1 1 concentration of BAL or 1,3-di- 
thiopropane to Cd++, the inhibition was leversed approximately 70 per cent 
(Table III) EDTA was viitually ineffective at these low levels Gluta- 
thione did not reverse the uncouphng even at 6 X 10"* m 


Table IV 

Effect of Cadvnum Ion on Phosphorylation Coupled to Citrate Oxidation 


Cd-H- 

BAL, 1 X 10-‘ M 

Oiygen 

P/0 



imcroatoms 

9 5 

2 61 


+ 

10 3 

2 57 

0 67 X 10-« M 

— 

9 8 

2 18 

0 67 X 10-« “ 

+ 

9 1 

2 35 

1 7 X 10-6 M 

— 

6 3 

1 25 

1 7 X 10-6 “ 

+ 

10 2 

2 31 

5 X 10-6 

— 

2 3 

0 

5 X 10-6 » 

+ 

9 7 

2 41 


The mitochondria (from 0 5 gm of rat liver) -were mixed with Cd++ in 1 0 ml of 
0 25 M sucrose After 10 minutes BAL was added to one set of flasks The reaction 
components (see the text) v ere added 5 minutes after adding BAL 


Table IV shows that Cd++ also uncoupled phosphate estenfication asso- 
ciated with the oxidation of citrate The oxidation of citrate was more 
sensitive to Cd++ than was the oxidation of succmate 
Mn++, Co++, and Ni++ also counteract the effect of Cd++ on phosphor- 
ylation (Table Y) The uncouphng of phosphorylation produced on 
incubation of mitochondria in phosphate buffer at 30° in the absence of sub- 
strate (14) IS partially reversed by Mn++ but not by Co"^ or Ni"^ * This 
difference in cation specificity is discussed later (see “Discussion”) At 
concentrations of 10~* M or higher, Mn++ inhibits phosphorylation (Table 


Binding of Cd'^ 

Cd++ added to mitochondria is bound strongly and is not removed ap- 
preciably by repeated washing with sucrose (Table VI) It may be noted 

* Unpublished data 
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that, after four washings, the P/0 value was still low, but increased to 1 20 
when BAL was added In another experiment nutochondria were treated 
with Cd++ as described in Table VI, washed twice, and then dialyzed for 
12 hours mth vigorous stirring against 100 volumes of sucrose The P/0 
value of the dialyzed preparation was 0 17 and rose to 1 62 on the addition 

Table V 


Restoration of Phosphorylation by Mn'^, Co++, and Ni'^ 
in Mitochondria Treated with Cd'^ 


Experiment No 

Additions 

Concentration 

Oxygen 

P/O 



- 

mtcroaloms 


1 

1 

1 

1 

! 

11 0 



BAL 

1 7 X 10-^ 

12 2 



MnClj 

3 3 X 10-^ 

10 8 



tt 

1 0 X io-‘ 

13 6 



C( 

1 7 X 10-^ 

12 1 

1 65 


tl 

1 X 10-= 

10 8 

0 78 


NiCL 

1 7 X 10-^ 

12 6 


2 



16 0 



BAL 

1 7 X 10-^ 

16 8 



MnCb 

1 7 X 10-' 

' 14 7 

' 1 73 


CoClj 

3 3 X 10-= 

19 7 

0 31 

1 

tt 

1 7 X 10-' 

19 2 

0 80 


tt 

5 X 10-' 

15 1 

1 18 

3 

1 


22 0 

0 05 


BAL 

1 7 X 10-' 

22 0 

1 28 


MnCb 

1 7 X 10-' 

23 4 

1 06 


CoCb 

1 7 X 10-' 

19 6 

0 35 


tt 

5 0 X 10-= 

13 1 

0 88 


The mitochondrial preparation was mixed with an equal volume of 5 X 10"“ M 
cadmium chloride After 10 minutes the suspension was centrifuged and the residue 
was washed once with sucrose The Cd++-treated enzyme (from 0 5 gm of liver) 
was incubated with the compounds indicated above at 0° for 5 minutes before addi- 
tion of the reaction medium The final concentrations in 3 0 ml are shown m the 
second column Experiment 1 was carried out at SO” for 15 minutes, with Experi- 
ments 2 and 3 at 37° for 15 minutes 

of BAL The control without Cd++ which was dialyzed similarly had a 
P/0 of 1 78 

The strong binding of Cd++ suggested that radioactive Cd^^^ might be 
used as a marker to isolate the Cd-bound component from mitochondria 
It was fiist confirmed that the bound radioactive Cd“° did not decrease 
measurably after four washings Table VII shows that virtually all of the 
Cd^^^ added to mitochondria, even at a level 10 times that necessary for 
100 per cent uncouphng, was bound This continued binding of Cd"^ 
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beyond the point of complete uncouphng unfortunately introduced an un- 
ceitaint}'' in the proposed isolation of the Cd“®-bound component of the 


Table VI 

Effect of Washing on Bound 


Treatment 

NoBAL 

BAL (1 7 X 10-1 M) 

Oitygen 

P/0 

Oxygen 

P/0 

None 

vncroatoms 

23 5 

0 25 

mtcroaloins 

20 3 

1 89 

1 washing 

20 8 

0 24 

19 8 

1 60 

3 

22 9 

0 09 

22 0 

1 36 

4 

19 2 

0 11 

22 3 

1 20 


The mitochondria (10 ml ) i\ere treated with cadmium chloride, as shown in Table 
V, and washed each time with 50 ml of 0 25 m sucrose The residue after each wash- 
ing was made up to a volume corresponding to the original after allowing for with- 
drawal of sample for assay Approximately 9 mg of protein were used in each flask 
The rest of the conditions are as in Table V and in the text 

Table VII 


Binding of Cd”® by Mitochondria 


Medium 


Total Cd”® 


Added 

Protein bound 

Supernatant 


c pvt 

c p m 

c pm 

Sucrose, 0 25 m 

770 

840 

0 


1,160 

1,090 

54 


3,860 

3,780 

54 


11,600 

12,000 

72 

Sucrose -(- reaction mixture 

770 

760 

0 


1,160 

1,040 

0 


11,600 

12,800 

60 

Sucrose + phosphate, 0 005 m 

1,230 

1,180 

0 


3,900 

3,620 

0 

Sucrose -}- Na bicarbonate, 0 005 M 

1,230 

3,900 

1,280 

4,100 



The mitochondria (1 ml containing 20 6 mg of protein) were mixed at 0° vith 
Cd"® (24,600 c p m per /^mole) in 6 0 ml of the medium and centrifuged after 10 
minutes Aliquots of the well drained residue and supernatant fluid w'ere plated 
for counting 1000 c p m correspond approximately to level of Cd**® necessary to 
produce 100 per cent uncoupling 

phosphorylation system Even a high ionic environment (1 KCl) did 
not change the pattern of Cd“® binding at both low and high Cd"*^ con- 
centrations 
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The expenments described in Table VIII were carried out in order to 
study the mechanism of reversal of uncouphng by BAL or Mn++ The 
wash hquid contaimng BAL extracted less than 3 per cent of the Cd“^, 
nevertheless, phosphorylation was fully restored On the other hand, 
washing uuth MnCL did not restore phosphorylation unless BAL or MnCh 
nas present dunng the subsequent measurement of P/0 This suggests 
that BAL and MnCL act by different mechamsms 

The bound Cd“® (nutochondria treated as in Table VIII) remained en- 
tirely on the coagulated protein when the suspension was heated in a boil- 
ing water bath for 3 minutes Denaturation by 5 pei cent tiichloroacetic 

Tabm; VIII 


Effect of Washing with BAL and Manganese Chloride 
on Bound Cd**® and Phosphorylation 


Washing medium 

1 

C p m per 21 mg of protein | 

[ p/o 

1 

Supernatant 

Residue 

Without BAL 

With BAL 

None 



0 


Sucrose 

6 


0 

mBm 

BAL 

44 


1 61 


MnCL 

1 12 

1 

mil 

0 

1 

■B 


The mitochondrial suspension (10 ml containing 210 mg of protein) was mixed 
with 0 8 ml of 0 001 m (24,000 c p m per jimole) A.f ter 10 minutes the suspen 
Sion was centrifuged and the residue was washed twice with 20 ml of sucrose and re 
suspended in 10 ml of sucrose 1 ml of preparation was counted as such for the first 
line above A 2 0 ml aliquot of suspension was diluted with 6 ml of sucrose and 
centrifuged after 10 minutes The residue was resuspended in 2 0 ml volume (sec 
ond line) The other washings were similar, except that the diluting sucrose (6 ml ) 
contained BAL (1 7 X 10“* m) in one case and MnCl» (1 7 X 10'"' m) in the other 
The initial supernatant fractions and the washed residues were counted Phos- 
phorylation coupled to succinate oxidation was measured unth the washed residue 
as described in the text with and without addition of BAL 

acid, however, resulted m complete exti action of the Cd“® When mito- 
chondria containing bound Cd“® were exposed to distilled water for lO min- 
utes and then centrifuged at 100,000 X g for 30 minutes, approximately 25 
per cent of the radioactivity appeared in the clear supernatant fluid Fur- 
thei extraction of the residue with 01 m KCl yielded 20 per cent of the 
originally bound Cd“® Under these conditions, although the mitochon- 
drial structure is disrupted, the washed residue still retains the potential 
capacity for coupled phosphorylation (14) 

DISCUSSION 

The data presented above show that Cd++ is a powerful uncouphng agent 
and that its effect is rex'-ersible The fexv prehminary expenments on the 
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mechanism of attachment of Cd++ have not been pursued in detail since 
apparently a considerable pait of the Cd++ may be bound in a “non-spe- 
cific” manner Present knowledge of the system does not perimt a dis- 
tinction between the two types of binding 

Two possible schemes to account for the uncouphng by Cd++ have been 
exanuned m these experiments First, Cd++ imght displace another ca- 
tion essential foi phosphorylation fiom its active site Cd++-treated mito- 
chondria can be washed extensively or dialyzed and still be reactivated by 
BAL In order to support the above hypothesis, therefoie, it is also neces- 
sary to assume that the displaced cation remains tightly bound at some 
other site and returns to the original active center when BAL is added to 
the system The second hypothesis that could account for the uncouphng 
IS that Cd++ might block a free active site It is obvious from the data 
that a disulfide group on the enzyme could reversibly bmd Cd++ at ex- 
tremely low concentrations Imidazole is also a possible but less hkely 
candidate Tanford (15) has found that Cd++ is bound by the imidazole 
groups of serum albumin However, the strength of binding was greater 
with Cu++ and Zn++, which is the leverse of the older of efficiency of un- 
couphng (Cd++, Zn++, Cu'>^) 

When Cd^^®-treated mitochondria are washed with BAL, neghgible activ- 
ity IS extracted in the washings, although the enzymatic activity of the 
residue is fully restored (Table VIII) This unexpected observation is 
hard to explain It is conceivable that the small amount of Cd^^® recov- 
ered m the washings (less than 4 per cent of 0 01 /umole per gm of mito- 
chondrial protein, in three separate experiments) was originally at the 
active center The effect of Cd++ is also reversed by Mn++, Co++, or 
Ni++ However, in nutochondria inactivated by digestion in phosphate 
at 30° (14), only Mn++ and not Co"'”'' or Ni++ will restore the activity 
This difference in specificity may indicate that, in reversal of inhibition by 
Cd++, the effect is indirect, perhaps, by heterogeneous complex foimation 
which involves both the added metal and Cd++, and an anion in the reac- 
tion mixture 

The data obtained so far seem inadequate to stress any particular mech- 
amsm for the uncouphng activity of Cd++ as well as the reversal by BAL 
or Mn++ The approach indicated here may be more useful when punfied 
preparations of the phosphorylation system are obtained 

SUMMARY 

Cadmium ions at as low a concentration as 5 X 10“® m completely un- 
couple phosphorylation associated mth the oxidation of succinate and of 
citrate in mitochondria Ethylenediaimnetetraacetic acid, dithiols, Mn++, 
Co++, and Ni++ reverse the effect of Cd++ The bound cadnnum is not 
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removed by repeated washing Attempts to isolate the Cd++-bmding 
component with radioactive Cd^^® are descnbed 
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LACTIC DEHYDROGENASE 

III IMECHANISM OF THE EEACTION* 

By YASUO TAKENAKAt and GEORGE W SCHWERT 

{From the Department of Biochemistry, Duke University 
School of Medicine, Durham, North Carolina) 

(Received for publication, November 17, 1955) 

In a preceding publication (1) it was concluded that the reaction cata- 
lyzed by the lactic dehydiogenase of heart muscle,^ lactate -f DPN ^ 
pyruvate + DPNH, can be represented by one of the following reaction 
sequences 

E + O^EO E + 0:^E0 

E + L^ EL EO + L^ EOL ^ ERP ^ ER + P 

EO + L EOL ER:r^E + R 

EL -f- 0 ^ EOL 

EOL ^ ERP 

ERP ^EP + R, etc 

(I) (II) 

where E is the enzyme, 0 and R are oxidized and reduced DPN, lespec- 
tively, L and P aie lactate and pyruvate, respectively, and EO, EL, etc , 
are enzyme-substrate complexes This conclusion was based, in part, 
upon the fit of the kinetic and eqmhbrium constants to the relations de- 
rived by Alberty (2) for various postulated reaction mechanisms, and m 
part upon various arguments for the existence of at least one ternary com- 
plex in the reaction sequence 

The derivation of the kinetic expression for sequence I is based upon the 
assumption that the rates of mterconversion of EOL and ERP are limiting 

* This investigation was supported by research grant No RG-2941 from the Na- 
tional Institutes of Health, Public Health Service 

Abstracted from a thesis submitted by Mr Yasuo Takenaka to the Graduate 
School of Duke University in partial fulfilment of the requirements for the degree of 
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These results were presented at the meeting of the Federation of Amencan So- 
cieties for Experimental Biology, April 16-20, 1956 
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* The following abbreviations have been used PCMB, p-chloromercuribenzoate, 
DPN, diphosphopyridine nucleotide, DPNH, reduced diphosphopyridine nucleotide, 
LDH, lactic dehydrogenase 
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and that the dissociation of a reactant from a ternary complex, e g the 
dissociation of L from EOL, is chaiacterized by a dissociation constant 
different from that which describes the dissociation of the same reactant 
from a bmary complex, ^ e , the dissociation of L from EL (2) The der- 
ivation of the kmetic expression for sequence II, with use of the steady 
state approach, assumes a compulsory order of binding of the reactants 
to the enzjnne In a sense, sequence II is the limiting case of sequence I 
m which the dissociation constants of the EL and EP complexes aie mfi- 
mtely large Although the kinetic results obtamed in this laboratory (1) 
could also be interpreted in terms of the compulsory pathway mechanism 
in which lactate or pyruvate must be bound by LDH^ before DPN or 
DPNH could be bound, this mechanism would not be consistent with the 
spectioscopic evidence, presented by Chance and Nedands (3), which in- 
dicates that an LDH DPNH complex does exist 

The most direct approach to the problem of whether the reaction is 
represented by sequence I or sequence II would be to determme, by meas- 
urements of equilibrium-bmdmg, which of the remammg possible binary 
complexes, EO, EL, or EP, is actually formed Clearly, if EO is formed 
from LDH and DPN, while EL and EP are not formed from LDH and 
the correspondmg substrates, the reaction must be represented by sequence 
I Alternatively, if EO, EL, and EP can all be detected, the possibility 
of non-specific ion bmdmg must be eliminated before a clear conclusion 
can be draivn This paper presents the results of measurements of such 
bmdmg Since sulfhydryl groups have been postulated to be responsible 
for the binding of pyridine nucleotides by dehydrogenases, the binding 
measurements have been compared with the effects of DPNH and of py- 
ruvate m protecting the enzyme against mactivation by PCMB 

EXPEEIMENTAL 

Materials 

Enzyme — Crystallme lactic dehydrogenase was prepared by a procedure 
which mvolves alcohol fractionation and partial acid denaturation in place 
of the adsorption on calcium phosphate and partial acetone denaturation 
described by Straub (4) In our hands, this piocedure gives better yields 
of crystallme enzyme than does that of Straub ^ The conditions for crys- 
talhzation are those described by Straub (4), the crystalline form and 
specific enzymatic activity bemg identical with those obtamed m his pro- 
cedure Further, crystalhne LDH, prepared by this modified procedure, 
exhibits two electrophoretic components of the same mobility, and in the 
same relative amounts, as are shown by LDH prepared by the method of 
Straub (5, 6) 

2 Details of this procedure will be published 
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Preliminary estimations of substiate and coenzyme binding and of sulf- 
hydryl reactivity weie made with ciystalline LDH Final determinations 
of DPN bmdmg and of sulfhydryl reactivity were made with the electro- 
phoietically isolated component of higher mobility (1), designated, accord- 
ing to usage of Neilands (6), as Fiaction A In the oases in which no bmd- 
mg was found, measurements were not lepeated with Fraction A 
Reagents — 

The preparations of DPN, DPNH, potassium pyiuvate, and sodium 
lactate used m these measmements have been described (1) 

PCMB was a product of the Sigma Chemical Company, and its punty, 
as determined by the procedure of Boyer (7), was 95 2 per cent If con- 
centrations were corrected by this factor, the molar absorbancy mdex at 
232 m/a was identical with that reported by Boyer (7) 

Methods 

Studies of eqmlibrium bmdmg with pyruvate, lactate, and DPN were 
carried out by the ultracentiifugal sepaiation techmque of Velick, Hayes, 
and Hartmg (8) 3 ml volumes of solutions contaimng LDH and vary- 

ing concentrations of DPN, pyruvate, or lactate m 0 1 m phosphate buf- 
fer, pH 6 80, were centiifuged for 1 5 to 3 5 hours m a mean relative cen- 
trifugal field of approximately 180,000 X g At the end of this penod, 1 
to 1 5 ml of the essentially protem-free supernatant layer was removed 
from each tube for analysis for DPN, pyruvate, or lactate 
The spectra of LDH and of DPN were shown to be stnctly additive 
Therefore, the concentiation of DPN m the supernatant solutions was de- 
terimned by measuring then optical density, or that of appropriate dilu- 
tions of these solutions, at 5 mju intervals between 250 and 270 m/z with 
the Beckman model DU spectrophotometer Five simultaneous equa- 
tions in two unknown concentrations were set up by equating the observed 
optical density at each wave length to the sum of the products of the known 
absorbancy indices for DPN and LDH at each wave length and the un- 
known concentrations of DPN and LDH These equations were solved 
in pairs for DPN concentration by using the equation for 260 m/it, the 
wave length of maximal absorption of DPN, as one member of each pair 
The mean of the four results was used for the estimation of the binding 
constants The average deviation of a single determmation from the 
mean was 3 per cent The absorbancy indices of DPN and of LDH aa ere 
taken from tracings made Avith a Beckman model No DK-2 recordmg 
spectrophotometer with 18 0 X 10^ cm per mole per liter as the absorbancy 
mdex of DPN at 260 mu (9), and 19 3 X 10^ cm per mole per liter as the 
absorbancy mdex of LDH at 280 m/i The latter value was derived from 
the specific absorbancy reported previously (1) and from Neilands’ value 
of 135,000 for the molecular weight of the enzyme (10) 
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Preliminary experiments indicated that, in solutions contaimng high 
concentrations of both LDH and DPN, each component is sufficiently 
stable, under the conditions of pH and temperature used for the determina- 
tions, that no correction for mstability is necessary The decrease m con- 
centiation of DPN in the supernatant layer due to sedimentation during 
centiifugal separation was found to be about 3 per cent of the mitial DPN 
concentration Since this is the order of uncertainty of the DPN deter- 
mmation, no correction was made for the change m DPN concentration 
lesultmg from sedimentation 

Deterimnations of pyruvate bindmg were made only with crystalline 
LDH and weie not repeated with Fraction A Traces of protem in the 
supernatant layer were precipitated by the addition of 2 ml of 20 per cent 
trichloroacetic acid to 1 5 ml of supernatant solution The resulting 
mmute precipitate was removed by centrifugation for 22 minutes at 
11,000 X at 0° The concentration of pyruvate in this solution was 
deteimmed by the "total hydrazone” procedure of Friedemann and 
Haugen (11) Absorbancies were measured in the Bausch and Lomb 
Spectromc 20 spectrophotometer at 440 m/x 

The determination of lactate binding was also made only with crystaUine 
lactic dehydrogenase 1 ml of 10 per cent trichloroacetic acid was added 
to 1 ml of supernatant solution from the ultracentrifugal separation The 
resulting solutions were allowed to stand at room temperature for 30 min- 
utes before the trace precipitate was removed by centrifugation for 15 
minutes at 3800 X gf ^ Lactate concentrations in these solutions were 
determined by the method of Barker and Summerson (12) Absorbancies 
were measured in the Spectromc 20 spectrophotometer at 570 m/x 

Studies of the reaction of PCMB with LDH were made by the spectro- 
photometric procedure of Boyer (7) Determinations of enzyme activity, 
carried out to establish the existence of a protective effect of the coenzymes 
and substrates, were made at 25° by measurmg the rate of disappearance 
of the 340 m;i absorption, characteristic of DPNH, in the presence of 
pyruvate 


Results 

The results of two series of determinations of the bindmg of DPN by 
electrophoretically isolated Fraction A are shown in Fig 1, in which r, 
the number of moles of DPN bound per mole of LDH, is plotted against 
the ratio of r to the concentration of free DPN in the supernatant solution 

® Since the Barker and Summerson procedure for the estimation of lactate (12) 
involves a further deproteimzation step, the methods employed for the deproteiniza 
tion of supernatant solutions used for the estimation of lactate vere somewhat less 
stringent than those employed nith solutions in which pyruvate was estimated 
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In a plot of this type (13), the mteicept on the axis of oidinates is the maxi- 
mal number of binding sites, and the negative slope of the line defines the 
dissociation constant of the LDH DPN complex In the present case, 
treatment of the analytical lesults accoiding to the method of least squares 
yields a value of 3 6 ± 0 4 foi the maximal number of binding sites and 
3 9 ± 0 7 X 10'^ Ai for the intiinsic dissociation constant of the complex 
The absence of cuivatuie in the plot indicates that, within the rathei large 
error of estimation, the affinities of the binding sites for DPN are identical 



Pig 1 Plot used for the estimation of the number of binding sites and the magni- 
tude of the dissociation constant of the LDH DPN complex O, initial LDH con- 
centration of 6 75 X M, A, initial LDH concentration of 3 64 X 10~® M The 
average temperature during each centrifugal separation was vithin a few tenths 
of a degree of 25° 

This treatment of the data assumes that the enzyme piepaiation is fiee 
from residual coenzyme The observations that a solution of the cvys- 
talhne enzyme, containing 1 25 mg of enzyme pei ml , has almost no 
absorption at 340 mp and shows no evidence of any discrete absorption 
peak in this spectial region, and that the addition of sodium-n-lactate to 
a final concentration of 0 01 m causes no change m the spectrum of the 
enzyme at either 340 or 260 mp, indicate that this assumption is valid 
Recently, Kaplan, Ciotti, Stolzenbach, and Bachur (14) have repoited 
that highly purified commercial preparations of DPN contain 10 to 15 
per cent of the a isomei of DPN Since it has been found that, v hen the 
DPN used for these measurements is i educed vuth hydiosulfite, about 10 5 
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pel cent of the absorption at 340 m/i does not disappear in the presence of 
LDH and excess pyruvate (1), it seems possible that this figure represents 
the concentration of a isomer m the sample of DPN used If it is assumed 
that the a isomer is not bound by the enzyme, the maximal number of 
bmdmg sites becomes 3 5 rt 0 4 and the value of the dissociation constant 
3 2 ± 0 6 X 10-^ M 

Seveial attempts were made to demonstrate the bmdmg of pyruvate by 
crystalline LDH, the results of one such attempt bemg shown m Table I 
The last two columns of Table I indicate the pyruvate concentrations 
which would be found m the supernatant solution if there were one binding 
site pel mole of LDH, and if the dissociation constant were equal to the 


Table I 


Allcmpl to Demonstraie Binding of Pyruvaie by Lactic Dehydrogenase* 


Initial pyruvate concentration 

i 

j 

Final pyruvate concentration 

Final pyruvate concentration which 
w ould have been found for dissociation 
constant having value 



I 5 X 10-‘ it 

25 X 10-»M 

if X 10* 

if xw* 

if X 10' 

if X 10* 

9 75 

9 95 

8 42 

9 40 

7 80 

7 55 

6 48 

7 52 

4 88 

4 78 

3 57 

4 66 

2 93 

2 95 

1 68 

2 78 

1 95 

2 03 

0 793 

1 85 

0 975 

1 00 

0 202 

0 925 


* The initial LDH concentration was 1 36 X 10“'‘ si The mean temperature of 
the centrifugal separation n as 28 80° The ultracentrifugal separation was earned 
out for 3 5 hours 


Michaelis constant at 25°, 1 5 X 10~^ m, or if the dissociation constant 
V ere equal to the constant characterizing the inhibition of LDH by high 
concentrations of pyruvate, 2 5 X 10~^ m (1) Since the supernatant layer 
from control tubes contauung enzyme and buffer gave the same optical 
density reading m the pyruvate determination as did the supernatant layer 
fiom tubes contaimng only buffer, the enzyme preparation appeared to be 
free from pyruvate 

The results of a smgle attempt to demonstrate the bmdmg of L-lactate 
by crystalline LDH are given m Table II The standard curve for the 
estimation of lactate concentration was determined from measurements 
made on the supernatant solutions fiom tubes which contained no enzyme 
Smee supernatant solutions from a tube contaming enzyme and buffer and 
from a tube contammg only buffer gave identical optical density readings 
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m the lactate determination, the enzyme preparation was presumed to be 
fiee fiom lactate 

Tables I and II indicate that neither pyiuvate nor lactate is measur- 
ably bound by LDH Both sets of data indicate a somewhat higher con- 
centiation of substiate m the supernatant layers fiom tubes contaming 
enzyme than that found in the supernatant layers from tubes contaming 
only substrate Since the enzyme piepaiation appears to be free from 
both substiates, it is possible that a portion of this effect may arise from 
the sedimentation of the enzyme piotem which, with its hydration shell, 
IS not a solvent for substiate, a relatively more concentiated substrate 
solution being left behind in the supernatant layer A second cause may 
be that the sedimentation of substrate is hindered by the density gradient 
arising at the protem concentration gradient, with the result that the av- 


Table II 

Attempt to Demonstrate Binding of i,-Laciate by Lactic Dehydrogenase* 


Initial l^lactate concentration 

Final lactate concentration 

Af X m 

M X 10* 

30 

30 9 

10 

10 2 

6 

5 2 

2 

2 3 


* The initial lactic dehydrogenase concentration was 6 86 X 10~‘ M The mean 
temperature during the ultracentrifugal separation was 24 37° The ultracentrif- 
ugal separation as carried out for 2 hours 10 minutes 


erage concentration of substrate m the supernatant layer at the end of the 
sedimentation process is higher than that in the corresponding layer from 
tubes contammg no protem 

If credence is given to the hypothesis that sulfhydryl groups are mvolved 
in the transfer of electrons from lactate to DPN (15) or in the binding of 
coenzjnne to enzyme (16), the present observation that 3 to 4 molecules 
of DPN are bound to 1 mole of enzyme appears to be mconsistent with 
Neilands' report that approximately 2 moles of sulfhydryl gioups per mole 
of enzyme are capable of reaction with PCMB (10) An attempt was 
made to clarify this point 

Boyer (7) has reported that the change in absorbancy at 250 m^t, result- 
ing from mercaptide formation with PCMB, varies somewhat vnth the 
souice of the sulfhydryl group Therefore, measurements were made of 
the increase m absorbancy in the presence of lunitmg quantities of mercuri- 
benzoate The increase in absoibancy accompanymg mercaptide forma- 
tion with LDH was found to be 7 2 X 10® cm per mole per hter 
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Several determinations of the number of reactive sulfhydryl groups were 
made m the piesence of excess mercunbenzoate A typical lesult is shoim 



MINUTES 

Fig 2 Plot of the course of the reaction of 2 S7 X ai PCMB aMth 4 48 X 
Ji LDH at 25° in 0 1 at phosphate, pH 6 SO Observed absorbancy changes vith time 
v ere converted to changes in mercaptide concentration by using 7 2 X 10’ cm per 
mole per liter as the value of the absorbancy index change The curve is a calculated 
second order rate curve for an assumed initial concentration of rapidlj^ reacting 
sulfhydryl groups of 1 97 X 10~® ai and for a rate constant of 61 4 liters per mole per 
second 

in Fig 2 The estimation of the numbei of reactive groups is compli- 
cated b}’' the fact that, after the reaction (Fig 2) appears to be essentially 
complete, a slow increase in absorbancy contmues, approximately linearly 
with time, foi a long period An approximate value for the number of 
rapidly leactmg sulfhydiyl groups was obtained by making use of Boyers 
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observation that the reaction of egg albumin and of jS-lactoglobulin with 
PCMB follows second order kinetics (7) The value used for the imtial 
concentration of rapidly reacting sulfhydryl gioups was adjusted by trial 
until a plot of the logarithm of the latio of concentrations of the two re- 
actants agamst time gave a good fit to the portion of the curve shown m 
Fig 2 Fiom these data it was calculated that the imtial concentration 
of rapidly reacting gioups was 1 97 X 10“® m, and that the rate constant 
was 61 4 liters pei mole pei second The cui ve was calculated from these 
constants Since the lactic dehydrogenase concentration was 4 48 X 10~® 
M, it appears that there aie 4 4 moles of sulfhydryl groups per mole of en- 
zyme which react lapidly and homogeneously with mercmibenzoate 
Since the slow reaction continues at a late which indicates the formation 
of approximately 0 25 mole of meicaptide pei mole of enzyme per hour, it 
seems probable that the number of rapidly reacting groups is four per mole 
of LDH The question whether the sulfhydryl groups which react with 
PCMB are protected by DPNH was approached by mcubatmg two series 
of solutions, 1 46 X 10~^ M, ivith respect to LDH, for approximately 5 
hours at room temperature, with concentrations of PCMB varymg be- 
tween 0 68 and 17 1 X 10~® M One senes of solutions was 9 62 X 10~® 
M with respect to DPNH, while the other series contained no DPNH The 
solvent was 01 m phosphate, pH 6 80 At the end of the mcubation peiiod, 
an appropriate dilution of each solution was tested for enzymatic activity 
by measurmg the reaction rate from the pyruvate side of the reversible 
reaction A small protective effect of DPNH was found, even at the 
highest concentration of PCMB When the concentration of PCMB was 
of the order of 10~® m, 50 per cent of the activity was lost from solutions 
contammg no DPNH and only about 10 per cent of the activity was de- 
stroyed in solutions contammg DPNH 

In a sunilar exToeriment, m which 5 77 X 10“'^ LDH was mcubated 
with 4 0 X 10~® M PCMB m the presence and absence of 1 25 X 10“® M 
pyruvate for 20 mmutes, no protection of the enzyme by pyruvate could 
be demonstrated 

Although sulfhydryl gioups appeal to be necessary to the activity of 
the enzyme, it had previously been shown that long standmg m dilute 
solution m air at neutral pH values does not mactivate the enzyme (1) 
It was further observed that dialysis of the enzyme agamst 0 01 M C3'^steme 
at pH 7 0 for 24 hours in the cold does not enhance the activity of the 
enzyme 


DISCUSSION 

The findmgs that DPN is bound to the enzyme v hile pyi uvate and lac- 
tate are not, and that DPNH protects the enzjme agamst inactivation 
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by PCMB -wlule pyruvate does not, and the spectroscopic demonstration 
by Chance and Neilands (3) of the existence of an LDH DPNH complex 
are all consistent with the representation of the reaction as 

1 

E + DPN ?===^ E DPN 
2 

3 , 6 

E DPN + lactate E DPN lactate - ■ -- 

4 6 

7 

E DPNH pyruvate E DPNH + pyruvate 

8 

9 

E DPNH E + DPNH 

10 

The strongest evidence in favor of the mechamsm shown is the failure 
to observe the bindmg of pyruvate by LDH While it can be argued that 
this failure to observe bindmg is a measure of the sensitivity of the pyruvate 
determinations rather than an indication that pyruvate is not bound, the 
present measurements appear to rule out reaction sequence I as a possible 
mechanism This conclusion is based upon the fact that, if sequence I 
were the mechanism, the Michaehs constants for pyruvate and DPNH, 
Kp and Kr, lespectively, would be related to the dissociation constants 
of the LDH pyruvate and LDH DPNH complexes, Kp and Kr, and 
to the complex constant Kpr by the lelation (2, 17), KpKr' — Kp'Kr = 
Kpr, so that Kpr/Kr = Kp' If the values found for Kp, Kr, and Km 
at 25° are substituted mto this expression, Kp' is found to be 4 X 10~* m 
S ince sequence I thus requires the dissociation constant of the LDH 
pyruvate complex to be less than the Michaehs constant for pyruvate, and 
since, as shown m Table I, binding characterized by such a small dissocia- 
tion constant could be detected with a measure of precision, it is considered 
highly improbable that sequence I represents the reaction 

If the same considerations are applied to the reverse reaction, it follows 
that the latio Kol/Ko yields a value of approximately 6 X 10"® m for 
Kl, the dissociation constant of the LDH lactate complex It is apparent 
that bindmg, characterized by a dissociation constant of this magnitude, 
would be impossible to detect with the methods available for the estuna 
tion of lactate, and that relatively little reliance can be placed on the fad 
ure to detect lactate bmdmg 

Although the kinetic constants characterizing the lactic dehydrogenase 
system at a vaiiety of temperatures have been reported pieviously (l)i 
no meamng could be assigned to the constants because the reaction mecba 
nism was unknowm For the mechamsm given above, the kmetic con 



T TAKENAKA AND G W SCHWERT 


167 


slants are defined by^ 

Vf — Li1v^ktE/F 
K.0 — ^6^7^9/A-iF 
Kij = hsG/kjF 
KoL ~ kikaG/klkzF 


Vr = kikik^/H 

Kr ~ kzkik^/kmH 
Kp = k^G/kaH 
KpR = kakaG/kakioH 


where V / and Vr are the maximal reaction velocities in the forward and 
reverse directions, lespectively, Ko, Kr, Ki,, and Kp are the Michaehs 
constants for oxidized and reduced DPN, lactate, and pyiuvate, lespec- 
tively, and Kol and Kpr are complex constants which have the property 
that KolIKr = /C2A1, the dissociation constant of the LDH DPNH com- 
plex E IS the total enzyme concentration, F is defined^ by (ksQci -}- A.7) + 
ksQcj -}- ^9)), G — kiks ■}■ A.4A-7 k^ki, and H = ^2(^4 ”|~ A/b) “b ks(k2 ki) 
Although a marked simplification can be made m these rather formidable 
definitions if it is assumed that one of the ternary complexes is much more 
stable than the other (2), there appears to be no present basis for this 
assumption 

The value found® ® for the ratio KolIKl at 25° is 2 9 ± 0 4 X 10“^ ai 
W hile the agreement of this calculated value of A2/A-1 with that found by 
direct measurement, 3 2 ± 0 6 X 10“^ m, may be fortuitous, in view of 
the considerable expeiimental eiior which attends the estimation of each 
of these parameters, and m view of the unknovm effect of the hydrostatic 
pressure developed durnig the ultiacentrifugal separation upon the equi- 
librium being measured, this measure of agreement does appear to justify 
the extension of the calculation of /C2/A-1 to other temperatures at which the 
kinetic constants have been estimated Table III mdicates the vaiiation 
of the calculated dissociation constants of the LDH DPN and LDH DPNH 
complexes with temperature over the range from 15-35° 

^ There is an error in the previous definition of these constants (2) The present 
definitions, which have been checked by Dr R A Alberty, enable the conclusion to 
be drawn that, for those mechanisms in which constants of the type Aab and Kco ap- 
pear, Kicb/Kr is equal to the dissociation constant of the EK complex and Kco/Kd 
IS equal to the dissociation constant of the BQ complex 

' Since the kinetic constants for the t'no sides of the reversible reaction 's\ere not 
determined at identical temperatures, and since there is no independent ■nay to es- 
timate the errors of these determinations, the values used here ■nere determined from 
the least square lines relating the logarithms of the various constants to reciprocal 
absolute temperature The standard errors of these calculated values ■nere taken 
to indicate the internal precision of the determinations 

® No correction was made in the values of Ko and Kql for the concentration of the 
a isomer of DPN The effect of the non-reacti'vitj’’ of the a isomer would be to reduce 
the values given by about 10 per cent The effect on the binding constant is much 
larger, since the a isomer is relativelj*' more concentrated in the supernatant solution 
as a result of the binding of the reactive /3 isomer by the enzyme 
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It IS of interest that the calculated dissociation constants for both en- 
zj’-me-pyiidine nucleotide complexes decrease with increasing temperature 
Since, for the dissociation of either form of the coenzyme from the enzyme, 
the free eneigy change is cleaily positive and since this dissociation appears 
to be characterized by a negative enthalpy change, it is clear that the dis- 
sociation of the LDH DPNH complex is accompanied by a decrease in 
entropy A similar result was found by Vehck (18) from the spectro- 
photometric titration of phosphoglyceraldehyde dehydrogenase vuth DPN 
Iflotz (19) has accounted for decreases in entropy which accompany the 
dissociation of bound ions from proteins as being due to the fact that the 
increase m entropy accompanying the dissociation process itself is more 
than offset by the decrease in entropy resulting from electrostnction of 
solvent by the separate ions 


Table III 


Variation of Values of Ratios Kol/Ki, and Kpj^/Kp with Temperature* 


Temperature 

log JTol 

log iC £, 

Eol/ICx, 

log KpR 

log Kp 

^pr/Kp 

"C 

15 

-6 81 

-3 66 

X iO* M per 1 

7 0 

-11 37 

-5 36 

X 10^ u per 1 

9 8 

j 

±0 08 


±1 6 

±0 08 

±0 03 

±2 2 

25 

-6 73 

-3 10 

2 9 

-10 97 

-4 88 

8 1 


±0 05 


±0 4 

±0 07 

rfcO 02 

±1 4 

35 

-6 65 

-2 75 

1 3 

-10 60 

-4 43 

6 8 


±0 07 

±0 04 

±0 3 

±0 11 

±0 03 

±2 0 


* See foot-note 6 of the text 


It IS apparent from Table III that extrapolation of the values found for 
Kpr/Kp to 5° yields a value for A-sZ/fio of about 10~® M Chance and Nei- 
lands (3), usmg crystalline LDH rather than Fraction A, have estimated 
this dissociation constant to be 7 X 10"® m at 5° on the assumption that 
there is one bindmg site per mole of enzyme In view of the uncertainties 
accompan3'-ing both estimations of the magnitude of this dissociation con- 
stant, the agreement between these values appears to be satisfactory 
From the definitions given for the kinetic constants it follows that, if 
Vf IS expressed as the turnover number per mole of enzyme per second, 
the ratio V/IKo is equal to ki, and the product {Vs/Ko){Kol/Kl) equals 
A-2 Similar relations apply for the reverse reaction The values calcu 
lated for A,i, A.9, and kia, respectively are 6 7 ± 0 1 X 10®, 1 9 ± 0 3 X 
10®, 1 9 ± 4 X 10®, and 2 3 ± 0 2 X 10® reciprocal seconds at 25° 1^ 
the foul DPN-binding sites are all enzymatically active, the magnitude 
of each of these constants would be reduced to one-fourth of the value 
given 
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The disciepancy between the pxesent results and those of Neilands (10) 
for the ma\imal number of lapidly leacting sulfhydiyl gioups per mole 
of LDH may he m the fact that Neilands used whole crystalhne enz 3 Tne 
for his measurements, while the piesent measuiements were made with 
Fraction A Piehmmary measurements, made with crystallme enzyme, 
yielded lower values than weie found with Fraction A ^ The findmg of 
three to four bmding sites foi DPN and the obseivation that approximately 
four sulfhydryl groups leact rapidly with PCMB suggest that sulfhydryl 
groups have a role in binding the coenzyme to the enzyme This sugges- 
tion IS strengthened by the fact that DPNH protects the enzyme against 
PCMB mactivation 

Accordmg to the proposed reaction scheme, the bmdmg of coenzyme 
by the enzyme smface geneiates a binding site for substiate, which did 
not previously exist If it is assumed that substrate is bound so that it is 
superimposed upon at least a poition of the mcotmanude rmg of the co- 
enzyme, the direct steieospecific transfer of hydrogen between substrate 
and coenzyme, demonstiated foi LDH by Loeivus, Ofner, Fishei, West- 
heimer, and Vennesland (20), is obviously facihtated If it is assumed 
that pyruvate is bound to the enzyme-coenzyme complex at two pomts, 
one of which arises in the piotem surface and one from the nucleotide 
portion of the complex, the inhibition by high pyruvate concentiations can 
be accounted for if it is assumed that a relatively weak LDH pyruvate 
complex prevents DPNH from forrmng the LDH DPNH complex which 
IS essential to reaction The last column of Table I mdicates that the 
direct detection of the LDH pyruvate complex, which is postulated from 
kinetic data, lies at the limit of precision of the pyruvate determination 

Since the present results indicate the role of the pyridine nucleotides 
to be different from that of pyruvate and lactate, it appears that the term 
coenzyme connotes the kinetic, as well as the metabolic, function of the 
pyridme nucleotides more adequately than does the more recent usage of 
cosubstrate in this connection 


SUMMARY 

Diphosphopyridine nucleotide (DPN) has been found to be bound at 
approximately four sites on the lactic dehydrogenase molecule The 
dissociation constant of the enzyme DPN complex is of the order of 3 X 

10~^ M 

P3uuvate and lactate are not bound by lactic dehydrogenase to a meas- 
urable ex-tent 


^ After this manuscript was submitted for publication, Nj'^gaard (21) published 
the finding that crj^stalline LDH, containing both fractions A and C, contains 2 9 
PCMB-reactive sulfhydryl groups per mole Measurements made in this laboratorj 
agree well ivith this value 
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Approximately 4 moles of sulfhydryl groups per mole of enzyme react 
rapidly with mercuribenzoate The inactivation of the enzyme by mercim- 
benzoate is inhibited by reduced diphosphopyridme nucleotide but not by 
pyruvate 

These results indicate that the enzyme forms a complex with one form 
of the coenzyme and that the resulting binary complex then forms a ternary 
complex with the substrate Previously reported kinetic data (1) have 
been interpreted in terms of this mechamsm, and the dissociation con- 
stants of the enzjme-coenzyme complexes have been calculated from the 
kmetic results The order of magnitude of the individual rate constants 
for the reaction between enzyme and the coenzymes has been mdicated 
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THE ENZYMATIC CONVERSION OF ANTHRANILIC 
ACID TO INDOLE* 
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Studies With vaiious microoiganisms have imphcated anthranihc acid 
and indole as mtermediates m the biosynthesis of tryptophan (1-5) The 
mechanism of tryptophan synthesis from mdole has been estabhshed (6-9), 
but relatively httle is knoivn about the conversion of anthranihc acid to 
mdole Isotope studies on the- s3aithesis of mdole from anthranihc acid 
have shown that the caiboxyl carbon of anthranihc acid is lost during this 
conversion (10, 11) and that the 2 carbon atoms which complete the pyr- 
role rmg of mdole are probably derived fiom C-1 and C'2 of a ribose de- 
rivative (11) Enzymatic mvestigations have imphcated 5-phosphori- 
bosyl-l-pyrophosphate^ as the actual source of the 2 carbon atoms and have 
led to the isolation of an mtermediate, indole-3-glycerol phosphate, m the 
conversion of anthranihc acid to mdole (12) The present report is con- 
cerned with the enzymatic conversions of anthramhc acid to mdole-3-glyc- 
erol phosphate and of mdole-3-glycerol phosphate to mdole 

Methods 

A tryptophan auxotroph of the K-12 strain of Escherichia coli, stram 
T-3, was employed as the source of the enzymes catalyzmg the conversion 
of anthranihc acid to mdole This mutant is blocked m the synthesis of 
anthramhc acid, and thus its tryptophan reqmrement can be satisfied by 
anthranihc acid or mdole The conditions of growth used and the method 
of preparation of crude extracts of this mutant were essentially the same as 
desciibed previously (11) The mutant was grown on a mmimal medium 
(13), supplemented -with anthranihc acid (2 7 per ml ) and 0 16 per cent 
glucose Cultures were incubated with shaking for 40 hours at 30° The 
cells were harvested by centrifugation, washed once with sahne, and sus- 
pended in 0 1 M phosphate buffer at pH 7 0 These washed suspensions 
were then disrupted m a 9 kc Raytheon sonic oscillator and centrifuged 

* This investigation was supported by the National Science Foundation and uas 
performed during the tenure of a Lederle Medical Faculty Award to the author 

* The following abbreviations are emplojmd in this paper IGP, indole 3-gljcerol 
phosphate, IG, indole-3-glycerol, PRPP, 5-phosphoribosyl-l-pjrophosphate, ATP, 
adenosine triphosphate, ADP, adenosine diphosphate, R5P, ribose-5-phosphate, 
Pi, inorganic phosphate, Tris, tris (hydroxymethyl) aminomethane 
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twice to remove debris for 20 minute penods at 60,000 X gm& Spmco pre- 
parative centrifuge The supernatant solutions obtamed contained ap 
pioximately 35 mg of protem per ml These crude extracts, when suitably 
supplemented, catalyzed the complete conveision of anthramhc acid t( 
indole (14) Ammonium sulfate fractionation of such preparations yieldec 
two sepal ate fractions, arbitrarily designated Fractions A and B, wbicl 
catalyzed successive reactions in the transfoimation of anthramhc acid t( 
indole 

Fraction A was prepared as follows 18 7 gm of sohd ammomum sulfat 
were added foi each 100 ml of crude centrifuged extract of strain T-3 
The mixture was allowed to stand m an ice bath for 20 minutes and tbei 
was centrifuged m the cold The supernatant solution was saved for thi 
isolation of Fraction B, while the precipitate was used m the further prep 
aration of Fraction A The precipitate was dissolved m 0 1 m phosphab 
at pH 7 0 (30 ml for every 100 ml of extract) and dialyzed, with mteraa 
stirrmg, for 3 hours agamst 0 02 m phosphate at pH 7 8 The dialyzec 
preparation was treated with ammomum sulfate (4 3 gm for each 40 ml ] 
and, after 20 mmutes, was centrifuged in the cold The precipitate wai 
discarded and 3 gm of ammonium sulfate weie added to the supernatani 
solution After 20 mmutes, the precipitate was collected by centrifugatior 
and dissolved ml5ml of 01m phosphate buffer at pH 78 It was ther 
dialyzed for 3 hours agamst O 02 m phosphate buffer at pH 7 8 and stored 
at —15° This prepaiation, designated Fraction A, catalyzes the conver- 
sion of anthramhc acid to IGP and is unable to convert the latter compound 
to indole 

The supernatant solution from the first ammomum sulfate precipitation 
was treated ivith an additional 9 5 gm of ammonium sulfate and the pre- 
cipitate collected by centiifugation This piecipitate was dissolved m 30 
ml of 0 1 M Tris buffer at pH 7 8 and dialyzed against the same buffer 
(0 02 m) for 3 horns The pieparation obtamed was then placed m a 50° 
water bath and stirred continuously for 20 mmutes After this treatment, 
the mixture was chilled rapidly and the precipitated piotein removed by 
centnfugation The supernatant solution was treated with ammonium sul 
fate (8 6 gm foi every 30 ml ) and, after standing for 20 mmutes, was cen 
trifuged The precipitate obtamed ivas dissolved in 0 1 m Tns buffer at 
pH 7 8 and dialyzed for 3 hours against the same buffer (0 02 m) The final 
preparation, designated Fraction B, was stored at —15° This fraction 
converts IGP to indole but does not catalyze the utilization of anthranilic 
acid 


Assay Methods 

Disappearance of anthramhc acid was followed fluorometrically (1^) 
Ahquots (0 05 or 0 1 ml ) were added to 1 0 ml of 0 1 m phosphate buffo' 
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at pH 6 0 and lead in a Farrand fluoiometei The assay range employed 
was 0 2 to 5 7 of antliiamhc acid 

Indole was deteimined coloiimetiically ivith Ehrhch’s reagent (16) and 
pentose by the pi ocedure of Umbieit e/ flZ (17) Inoi game phosphate ivas 
deteimined by the method of Fiske and Subbaiow (18) 

IGP was assayed m seveial ways qualitatively with a modified feiric 
chloride Salkowski leagent (19) oi by enzymatic conveision to indole, or 
quantitative!)’- by extinction measuiements at 280 m^u or by oxidation with 
metaperiodate to indole-3-aldehyde These methods are desciibed below 
The ferric chloride assay was pei formed as follows To 1 ml contammg 
IGP or IG, 1 5 ml of feme chloride reagent (1 ml of 0 5 m FeCb plus 50 
ml of water plus 30 ml of concentrated H2SO4) were added A pmk to 
red color developed in about 3 minutes As little as 10 7 of IGP could be 
detected by this method The intensity of the color produced was pio- 
portional to IGP and IG concentration, but the color did not persist in the 
presence of high salt concentrations Nevertheless, this method had the 
advantage of being rapid and thus xvas employed m the isolation of IGP 
IGP was assayed enzymatically as follows 0 1 to 0 3 ml (5 to 50 7) of 
a solution of IGP was added to 0 2 ml of 0 1 m phosphate at pH 6 0 An 
excess of Fraction B (0 05 ml ) was then added and the mixture meubated 
at 37° for 15 minutes The leaction was terminated by addition of 0 1 
ml of 1 N NaOH and the indole formed was extracted with 2 ml of toluene 
An mdole assay was performed by using Ehihch’s reagent on a 1 ml ali- 
quot of the toluene layer Between 80 and 95 per cent of IGP was con- 
verted to mdole by this method 

Neutral or alkahne aqueous solutions of IGP, when free from other ab- 
sorbing materials, were standardized m a Beckman spectrophotometei at 
280 m/i The 280 260 and 280 240 ratios (1 32 and 3 1, respectively, foi 
IGP) were used to assess the purity of IGP durmg isolation 
The pieferred method of IGP assay was based on oxidation to indole- 
3-aldehyde as follows 0 1 ml of 1 m acetate buffer at pH 5 0 and 0 5 ml of 
0 1 N sodium metapeiiodate weie added to 0 4 ml of a solution of IGP and 
the mixture was incubated at 100m temperature for 20 mmutes 0 25 ml 
of 1 N NaOH was then added and the indole-3-aldehyde formed was ex- 
tracted -with 5 ml of ethyl acetate The ethyl acetate layer was clarified 
by a 1 mmute centrifugation, and its mdole aldehyde content vas detei- 
' ninied in a Beckman spectrophotometer at 290 m/n An IGP sample, 

, Pi'eviously standaidized by absorption at 280 ni/z, and an indole-3-aldehyde 
sample were similarly treated and employed as standaids If the IGP sam- 
ple contained indole, the indole xvas first extiacted xvith 3 ml of toluene 
Ahquots of the aqueous layer were then lemox'-ed for IGP assaj’- 
The aldolase employed was purchased from the Nutritional Biochemicals 
[ Corporation 
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Results 

Conversion of Antlnanihc Acid to Indole Glyceiol Phosphate — Following 
separation of the enzymes involved in the conveision of anthramhc acid to 
indole into two fi actions, the chaiacteristics and lequnements of the frac 
tions were investigated Fraction A catalyzes the following interconver- 
sion 

Anthramhc acid + PRPP > indole-3-glycerol phosphate 

The reqmrements for this sequence of leactions aie shown in Table I It 
can be seen m Experiment A, Table I, that PRPP and Mg++ ions aie re 

Table I 


Reqmrements for Anthramhc Amd Utilization 


Experiment A 

Experiment B 

Supplements 

Disappearance of 
anthramhc acid 

Supplements 

Disappearance of 
anthramhc acid 

10 min 

20 mm 

10 mm 

20DIUI 

Complete system 
Minus PRPP 
“ Mg++ 

iimcle 

0 12 

0 

0 02 

ttmole 

0 2 

0 

0 03 

Complete system 
Minus ATP 
“ R5P 
“ Mg++ 

■ 



In Experiment A, each tube contained 0 22 /jmole of anthramhc acid, 0 1 ml of 
0 5 m phosphate buffer at pH 7 8, and 0 03 ml of Fraction A in a final volume of 0 6 
ml PRPP (0 24 pmole) and (1 /imole) were added, except as indicated 
In Experiment B, each tube contained anthramhc acid, buffer, and enzyme as 
above, and, in addition, ATP (1 2 /xmoles), R5P (0 5 /^mole), and Mg++ (1 /nmole), 
except as indicated 

quired for anthramhc acid utilization Little oi no reaction occurs when 
either of these supplements is omitted The requirement for PRPP can 
be satisfied by supplying both ATP and R5P (Experiment B, Table I), 
hmvever, wuth the latter supplements, anthramhc acid disappeais at a some 
what lowei late, as is evident fiom the late data in Fig 1 Disappearance 
of anthramhc acid is related to the amount of pentose supplied, whether 
this pentose is in the form of R5P or PRPP In two experiments in which 
all components except R5P weie present in excess, 0 26 and 0 22 /imoles of 
anthramlic acid disappeaied wLen 0 25 and 0 21 pmoles of R5P were sup 
phed In a similar expeiiment in which 0 24 /umole of PRPP ivas limiting) 
0 2 fimole of anthianihc acid disappeared Furthermore, in the piesence of 
Fraction A, both pentose (as PRPP) and anthramhc acid disappear at ap 
proxiinately the same rate This can be seen m Fig 2 It can also he 
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0 10 20 30 

MINUTES 


Fig 1 Comparison of the rate of anthranilic acid utilization in the presence of 
PRPP or ATP plus R5P Both tubes contained 0 44 /imole of anthranilic acid, 100 
;imoles of phosphate at pH 7 8, 2 /iimoles of MgS 04 , and 0 06 ml of Fraction A One 
tube contained 0 96 //mole of PRPP while the second contained 1 2 //moles of ATP 
and 0 8 //mole of R5P The final volume w^as 1 2 ml 




0 10 20 


MINUTES 

Fig 2 Comparison of anthranilic acid and pentose disappearance and indole 
formation The reaction mixture contained 2 2 //moles of anthranilic acid, 3 6 
//moles of PRPPj 1 nimole of phosphate buffer at pH 7 8, 10 //moles of hIgSOi, and 

0 3 ml of Fraction A in a final volume of 6 ml Aliquots were removed at the times 
indicated and assajmd for anthranilic acid, pentose (0 5 ml aliquots were treated with 

1 ml of 10 per cent perchloric acid, the precipitate was removed, and portions of the 
supernatant solution were assayed), or indole 
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seen that indole is not foimed in the presence of Fraction A but is formed 
when Fraction B is added to the leaction mixture 

In several experiments, disappearance of anthranihc acid was compared 
uath IGP formation, the results of two typical experiments were as follows 
0 16 and 0 18 ^tmoles of anthranilic acid disappeared, while 0 13 and 0 IG 
/imoles of IGP weie foimed 

In addition to the requirements for antliramhc acid utdization, men 
tioned above, there is an absolute lequiiement for P, when ATP and R5P 
aie substituted foi PRPP With PRPP there is no lequirement for P„ 
howevei, if either ATP oi ADP is added to a reaction mixture containing 
PRPP, anthranihc acid uptake is inhibited This inhibition is relieved by 
morgamc phosphate The experiments desciibed below and performed 
with P^Mabeled inorganic phosphate have excluded P, as a piecursor of 
the phosphate group of IGP Our present mteipretation of these findings 
IS that Pi leheves the ATP or ADP mhibition of the reaction between 
anthranihc acid and PRPP 

Origin of Phosphate Group of Indole Glycerol Phosphate — Isotope expen 
ments weie performed with P^Mabeled P, and PRPP-5-P®^ to determine the 
oiigm of the phosphate gioup of IGP Fraction A was incubated inth 
labeled PRPP and unlabeled P, in the presence of anthranihc acid until 
most of the anthranihc acid disappeared The reaction mixture was then 
heated to precipitate protein, was centrifuged, and the supernatant solu 
tion chromatographed on paper, a developmg solvent contaimng methyl 
alcohol, ethyl acetate, and water (1 2 1 by volume) bemg used Identical 
samples mcubated with labeled P, and unlabeled PRPP Avere also chro 
matogiaphed m this manner Radioautographs of the chromatograms 
were prepared and the position and shape of the radioactive spots uere 
compared ivith IGP spots (developed by spraymg the paper with feme 
chloride reagent) The results of these experiments clearly showed that 
the phosphate group of IGP was deiived from the termmal phosphate of 
PRPP and not from P, 

Specificity of Fi actions A and B — A. number of substituted anthranihc 
acids, 3-methylanthranilic acid, 4-methylanthranihc acid, 5 -methylanthra 
mhc acid, and 5-fluoroanthranilic acid, weie tested as possible substrates 
for the leaction catalyzed by Fraction A Incubation mixtuies compar 
able to those m Table I were employed, ivith the substitution of an equi 
molar amount of one of the above compounds for anthranihc acid All of 
the substituted anthranihc acids except 3-methylanthranihc acid were at 
tacked by Fraction A This is shown m Pig 3, from which it can also be 
seen that the reaction proceeded somewhat faster ivith 5-methyl' oi S-flu 
oroanthianilic acid as substrate than with anthranihc acid Folloiving m 
cubation, ferric chloiide reagent was added to the reaction mixtures con 
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tainiug the substituted anthiamlic acids All except the one contaming 
S-niethjdanthianilic acid gave the coloi reaction characteristic of IGP To 
a similar set of tubes, Fi action B was added and the mixtures weie remcu- 
bated The contents of each weie then exti acted with toluene and ahquots 
of the toluene layei weie assayed foi indole-hke compounds withEhihch’s 
reagent Positive leactions weie given by all except the leaction mixtuie 
containing 3-methylanthianihc acid The indole-hke compounds formed 
veie piesumabty the substituted indoles coi responding to the substituted 
anthranihc acids employed It was pieviously sho'wn that, with cell sus- 
pensions of stiain T-3, 4-methylanthianihc acid is converted to the cor- 
respondmg substituted indole, 6-methylmdole (20) 



Fig 3 Comparison of the rate of utilization of various substituted anthranihc 
acids O, 5-fluoroanthranilic acid, •, 5-meth3danthranilic acid, A, anthranihc 
acid, A, 4-methylanthranihc acid, □, 3-methylanthranihc acid 

Isolation of Indole-S-Glycerol Phosphate — The following incubation mix- 
ture was employed for the formation of IGP 0 75 mmole of anthiamlic acid, 
2 mmoles of ATP, 0 8 mmole of BSP, 1 7 mmoles of MgS 04 , 17 mmoles of 
phosphate buffer at pH 8 2, and 34 ml of Fraction A in a final volume of 
1080 ml The mixture was mcubated at 37° foi 30 to 40 minutes Ali- 
quots were lemoved every 5 to 10 mmutes to follow the disappeaiance of 
anthranihc acid At the end of the incubation period the mixtuie was 
dulled lapidly and 1 n acetic acid was added until the pH was lowered to 
6 5 to 7 0 Seveial poitions of Daico G-60 (acid- and alkali-washed) veie 
then added to adsorb the IGP Aftei each addition, the Daico vas le- 
moved by filtration and a portion of the filtrate assaj'^ed for IGP vith feiric 
chloiide leagent The Darco tieatment vas discontinued vhen a nega- 
tive test foi IGP was obtained The charcoal was then v ashed once vath 
water and the IGP eluted by sturmg with 40 per cent alcohol containing 



178 


V^THl{l^ILIC ACID CONVERSION TO INDOLE 


5 ml of concentrated NH4OH per liter The eluate was freed from char- 
coal by filtration and was then concentrated in vacuo to a small volume 
(20 to 30 ml ) This solution was adjusted to pH 8 to 8 5 with saturated 
Ba(OH)2 and a 25 pei cent solution of barium acetate was added until 
fuither additions no longer produced a precipitate The piecipitate uas 
lemoved bj’- centrifugation and, before being discarded, was washed three 
times with small volumes (3 5 ml ) of water containing a few drops of 
Ba(OH)2 The washmgs were combmed with the origmal supernatant 
solution and 1 ml of barium acetate solution was added, followed by 2 
volumes of acetone The precipitate was collected by centnfugation and 
washed twice with acetone The final precipitate contained most of the 
IGP This precipitate ivas dissolved m water and applied to a 2 X 32 
cm Dowe\ 1 chloride (2 per cent cioss-hnked) column The column was 
prepared by treatmg Dowe\ 1 chloride m the column successively with 200 
ml of 1 M NaCl (this and all subsequent solutions added to the column 
contained 0 1 ml of 1 m NaOH per 100 ml ) and with 100 ml of 0 01 11 
NaOH The IGP solution was then apphed and the column agam treated 
with 100 ml of dilute alkali It was essential that all solutions apphed to 
the column were alkahne, otherwise the IGP was destroyed during isola 
tion The column was then washed with 600 ml of 0 1 m NaCl The 
IGP was eluted from the Dowex by gradient elution with 400 ml of 0 1 
M NaCl in the mmng flask and 0 5 m NaCl in the reseivoir flask 20 ml 
fractions were collected and a sample from each was tested for IGP wth 
ferric chloride reagent The IGP was usually present in fi actions 18 to 
30 The purity of these fractions was determined by measurmg their 
absorption at 240, 260, and 280 m/x Of the ten to twelve fractions con 
taming IGP, the first three to five usually contained appreciable amounts 
of adenyhc acid, while the last two fractions occasionally contamed small 
amounts of ADP The IGP fractions containing impurities were combmed 
and the Darco and Dowex steps repeated IGP fractions which were free 
of absorbing impurities were adjusted to pH 6 5 to 7 and passed through a 
2 cm X 5 cm (diameter) column of Darco G-60 The IGP ivas adsorbed 
completely The column ivas washed with water and finally the IGP uas 
eluted ivith 40 per cent alcohol containmg 1 ml of concentrated NH4OH 
per 100 ml The eluate was concentrated in vacuo to about 5 ml and 1 
N acetic acid ivas added until the pH was low'^ered to about 6 This treat 
ment precipitated a small amount of charcoal which always contaminated 
the eluate The precipitate was removed by centrifugation and the super- 
natant solution adjusted to pH 8 to 8 5 wnth saturated Ba(OH)2 1 
of a 25 per cent solution of barium acetate was added, and the barium salt 
of IGP precipitated by the addition of 4 volumes of alcohol and 2 volumes 
of acetone The precipitated barium salt wms wmshed twice with acetone 
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and diied with an on a Buchner funnel Elemental analyses and evidence 
foi the identit}'- of the isolated pioduct have been presented elsewhere (12) 
The absoiption spectium of the barium salt of IGP is given m Fig 4 It 
IS similai to, but not identical with, that of indole 
Conversion of Indole Glycewl Phosphate to Indole — It has been aheady 
noted (see Fig 2) that addition of Fi action B to a mixtuie previously in- 
cubated with Fi action A lesults in the production of mdole Incubation 
of isolated IGP vnth Fi action B also results m the production of mdole, 



m/1 

Fig 4 Absorption spectrum of the barium salt of indole-3-glycerol phosphate 
(200 7 per 3 ml in water) 

With a yield of 80 to 95 per cent of theoretical In one large scale experi- 
ment, the indole formed from IGP was isolated as the picrate to establish 
its identity unequivocally The isolated picrate had the same melting 
point as an authentic sample of indole picrate (174-175°), and the mixed 
melting point was also the same 

Enzymatic hydrolysis of IGP would be expected to jueld equimolar 
amounts of indole and 3-phosphoglycei aldehyde Tests performed to 
detect triose phosphate during the conveision of IGP to indole indicated 
the presence of a compound which gives a 2,4-dinitrophenyl osazone (12) 
with an absorption spectium identical with that of the 2,4-dmitrophen3d 
osazone foimed by the tiiose phosphates (21) Alkah-labile phosphate 
also appeals, thus further suggesting that triose phosphate is a reaction 
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product The results of two experiments m which indole formation and 
alkah-labile phosphate formation were compared are presented m Table 
II It can be seen that in the absence of KCN approximately 40 per cent 
of the phosphate expected, on the basis of the indole formed, appears as 
alkali-labile phosphate, while m the presence of KCN there is fair agree 
ment between indole foimation and alkali-labile phosphate formation 
Additional tests with Fraction B showed that this fraction eontams a CN 
sensitive phosphatase which is active on triose phosphate, generated from 
hexose diphosphate with aldolase 


Table II 

Indole and Allah-Labile Phosphate Formation from Indole Glycerol Phosphate 


Experiment No 

1 

Without KCN 

With KCN 

Pi 

P, after 
alkali 

Alkah- 
1 labile P 

Indole 
[ formed 

Pi 

Pi after 

1 alkali 

Alkah- 
labile P 

Indole 

formed 


nmole 

nmole 

! nnole 

nmole 

nmole 

nmoles 

nmole 

naili 

1 

119 


1 0 32 

0 78 


0 9 

0 76 

1 0 

2 


|g| 


0 81 


1 1 

0 96 

0 99 


Each tube contained 1 5 /iinoles of IGP, 0 25 ml of Fraction B, and 0 1 ml of 0 5 
M Tns buffer at pH 7 8 in a final volume of 1 ml As indicated, 0 2 ml of a 0 2 M 
neutralized solution of KCN v as also present Incubation was at 37° for 25 nunutes 
0 1 ml of the incubation mixture was removed for indole assay and 0 4 ml of 10 per 
cent trichloroacetic acid was added to the remainder After removal of the precipi 
tate, 0 5 ml aliquots of the supernatant solution -svere analyzed for Pi and for alkali 
labile phosphate (the aliquot was mixed with an equal volume of 2 n KOH and neu 
tralized after 20 minutes) 

Indole-S-glycerol, prepared by treatmg IGP with mtestmal phosphatase, 
IS not converted to mdole by Fraction B Maximal activity of Fraction 
B is obtamed at about pH 6 The name “mdole glycerol phosphate hydro 
lase” IS proposed for the enzyme which converts IGP to indole 

Indole Glycerol Phosphate Foi mahon from Indole and Triose Phosphate— 
In view of the fact that the enzymatic hydrolysis of IGP rarely went to 
completion, an attempt was made to determme whether the reaction was 
reversible Fi action B was incubated with mdole, aldolase, and hexose 
diphosphate, and the reaction mixture xvas analyzed for mdole disappear- 
ance and IGP formation The results of a typical expenment are shoim w 
Table III It can be seen that Fraction B catalyzed the utihzation of 
mdole and the formation of IGP To determme whether the reaction 
product xx'^as indeed IGP, an aliquot from a similar expenment was chroma 
tographed on paper with the developmg solvent employed previously, su^ 
plemented with 1 ml of 1 n NH4OH per 100 ml A spot reacting 
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feme chloride appeared at the same Rf as IGP when the sample was chro- 
matogiaphed alone oi with added IGP In addition, when the material 
piesent m a dupheate imspiayed spot was eluted and treated wath meta- 
peiiodate, indole-3-aldeh3'-de, identified by its chaiacteristic absorption 
spectrum, was foimed It appears, therefore, that Fraction B catalyzes 
both the con vei Sion of IGP to mdole and 3-phosphoglyceraldehyde and 
the reverse reaction, the foimation of IGP from mdole and triose phosphate 
Whether these two activities are due to the same enz 3 Tne or to two separate 
enzymes remams to be determmed 


Table III 

Indole Glycerol Phosphate F ormatton Rom Indole and Triose Phosphate 



Indole disappearing 

IGP formed 


nmole 

ttmole 

Complete system 

0 25 

0 19 

Minus Fraction B 

0 

0 

“ aldolase 

0 


“ hexose diphosphate 

0 


“ indole 


0 


Each tube contained 0 6 /imole of indole, 16 /<moles of hexose diphosphate, 0 2 ml 
of aldolase, 0 24 ml of Fraction B, and 0 2 ml of 0 6 m phosphate buffer at pH 7 8 
in a final volume of 1 4 ml Incubation was at 37® for 30 minutes The residual 
indole vas extracted with toluene, and indole assays were performed on aliquots of 
the toluene layer An aliquot from the aqueous layer v, as assayed for IGP b}’’ meta- 
periodate oxidation 


DISCUSSION 

The data presented m this paper indicate the foUowmg mechanism of 
mdole biosynthesis m E coh 

Anthranilic acid + PRPP — » mdole glycerol phosphate — > indole + triose phosphate 

This scheme is also supported by the results of enzymatic and metabolite 
accumulation mvestigations ^ These studies have shown that tiyptophan 
auxotrophs of E coh, blocked m the conversion of anthramhe acid to indole, 
fall into two groups, accordmg to the content of enzymes involved m the 
above reactions One group specifically lacks one oi more of the enzjmies 
involved m IGP formation from anthramhe acid, while the second group 
contams these enzymes but lacks IGP hydiolase The mability of these 
mutants to synthesize tryptophan associated with the absence of specific 
enzymes would appear to be strong evidence for the view that the reactions 
bemg considered represent the prmcipal pathway of tr 5 rptophan synthesis 

’ C Yanofsky, unpubbshed data 
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m E coh Data on metabolite accumulation also lend support to this 
view Mutants of the group lackmg IGP hydrolase, those iihich might 
be expected to accumulate IGP, accumulate a compound which appears 
to be IG (the accumulated compound has the same Rf m several solvent 
systems as IG formed from IGP by treatment with intestmal phosphatase) 
An umdentified compound with properties similar to IG has previously been 
reported to be accumulated by certam tryptophan auxotrophs of E coh 
(22) and of Salmonella iyplnmunum (23) In addition, the group of mu- 


+ HO— P — 0— p — 0— C — CHOH — CHOH — C — CHzOPOjHj 
1 1 H H 

OH OH 








,COOH 

HO-C-CHOH-CHOH-CHgOPOsHz 






II 

CH 

/ 


COOH 




• C - CHOH - CHOH - C - CHgOPOjHj 
H H 





CHOH- CHOH- CHaOPOjHj 


Fig 5 Hypothetical scheme of IGP formation from anthranihc acid 


tants unable to form IGP from anthranihc acid accumulate anthranihc 
acid Thus accumulation by both groups of mutants is consistent with the 
postulated scheme of indole biosynthesis 
In growth tests performed with IGP and IG, neither compound was 
found capable of supportmg the growth of auxotrophs which respond to 
anthramlic acid This observation could be explained by assuming that 
E coh is impermeable to IGP and that IG, on the other hand, cannot be 
rephosphorylated In this connection, it may be noted that mtermediates 
m histidine synthesis, imidazole glycerol and imidazole glyceiol phosphate, 
aie also mcapable of supportmg the growdh of histidme mutants which 
might be expected to lespond to one oi both (24) 

The data presented m this paper provide no clues as to the detaile 
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mechanism by winch anthranihc acid is converted to IGP By analogy 
with other leactions m which PRPP participates (25, 26), it seems likely 
that the fiist step would involve the formation of the ribotide of anthranilic 
acid (see Fig 5, for hypothetical scheme of IGP formation) This com- 
pound could be converted by a reaction similar to the Amadori rearrange- 
ment (27) to a l-deo\y, 2-keto intermediate which, in the enol form, would 
have both the double bond of the pyirole rmg of mdole and a hydroxyl 
group on the 2nd carbon atom of the side cham The hydroxyl gioup 
would then be m position for img closure with the carbon atom of the ben- 
zene rmg to which the caiboxyl group is attached Fmally, either ring 
closure followed by decarboxylation or decarboxylation followed by rmg 
closure would give IGP 

In view of the present evidence for the participation of IGP as an inter- 
mediate m tryptophan S3Tithesis, it is peihaps surprismg that m the syn- 
thesis of this ammo acid the 3-carbon side cham of IGP is removed and 
replaced from serme IGP could conceivably give rise to tryptophan more 
directly by the sequence of reactions which appear to be mvolved m histi- 
dme synthesis (24), namely, the conversion of a glycerol phosphate side 
cham to an alanme side cham In view of the data presented m this paper 
which suggest that the conversion of IGP to mdole is an essential step m 
tryptophan synthesis, it seems unhkely that this pathway is operative m 
E coll It remains to be determined whether it is employed by other 
microorganisms 


SUMMARY 

The mechanism of the enzymatic conversion of anthranihc acid to mdole 
m Escherichia call has been investigated Ammonium sulfate fractionation 
of extracts of a tryptophan auxotroph of E coli has provided two separate 
fractions which catalyze successive reactions m the conversion of anthra- 
nihc acid to mdole One fraction catalyzes the formation of indole-3- 
glycerol phosphate from anthranihc acid and 5-phosphoribosyl-l-pyrophos- 
phate A procedure for the isolation of IGP has been developed The 
second fraction converts indole glyceiol phosphate to mdole and tnose 
phosphate and also catalyzes the reverse reaction, the formation of mdole 
glycerol phosphate from tnose phosphate and mdole The significance of 
these reactions m the biosyntheses of indole and tryptophan is discussed 

The authoi is indebted to Di D Goldthwait for suppljnng the labeled 
and unlabeled samples of 5-phosphoribosyl-l-pyiophosphate and for many 
interesting and helpful discussions during the course of this vork It is 
also a pleasure to acknowledge the valuable technical assistance of Mrs N 

Deyczakmsky 
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The substituted anthranihc acids were kindly supplied by Dr F Pilgrim 
of Chas Pfizer and Company 
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ESSENTIAL ROLE OF HISTIDINE PEPTIDES IN TETANUS 
TOXIN PRODUCTION* 

By J HOWARD MUELLERf and PAULINE A MILLER 

{From the Department of Bacteriology and Immunology, Harvaid Medical 
School, Boston, Massachusetts) 

(Received for publication, March 27, 1956) 

A numbei of papers from this laboiatory have traced the development 
of a medium for the pioductiou of highly potent tetanus toxin, the basis of 
which IS a pancieatic digest of casein (1-3) Considerable woik has been 
done in an effort to identify those components of the digest essential foi 
toxin pioduction, and it has been shown that at least some of these materials 
aie peptides (4, 5) In the pieseiit communication, experiments aie re- 
poited which lesulted in the identification of one such group of peptides 

EXPERIMENTAL 

Medium and Methods — Procedures for mamtainmg the strain {Clostri- 
dium tetani, Harvard), piepaiation and inoculation of the test medium, and 
assay of the toxin haxm been described elsewheie (2, 6) 

Fractionation of Digest — The general scheme for the initial fiactionation 
of the pancreatic digest has been piexuously desciibed (6), and is outhned 
m Fig 1 The digest is first separated, by the use of reversible lesm col- 
umns, into an acidic, a neutial, and a basic fraction All three must be 
included m the medium in order to obtain toxin, and each contains at least 
one substance necessary for toxin production, which is destroyed by acid 
hydrolysis 

The basic fraction, making up about 20 per cent of the total solids of the 
digest, appeared to be the simplest one with which to attempt further sepa- 
ration This fraction was shown by papei chiomatography to contain 
considerable quantities of fiee aigimne, histidine, and lysine, as well as pep- 
tides of each, and lesser amounts of othei ammo acids Silvei piecipitation 
following the geneial proceduie of Vickeiy and Leavenwoith (6) effected a 
leasonably satisfactoiy separation of this basic fraction into three subtrac- 
tions (a) a precipitate at pH 7 6 containmg fiee histidine and histidine 
peptides, (b) a fuithei piecipitate at a pH beyond 10 containing fiee argi- 
nine and aigimne peptides, and (c) a filtiate containing fiee l 3 ''snie and l 3 ''sine 

These studies were aided in part by a contract between the Office of Naval Re- 
search, Department of the Navy, and Harvard Universit}’^ (No N5ori-07655), and 
in part bj’^ a grant from the Eugene Higgins Trust 
t Deceased, February 16, 1954 
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peptides These three subfractions could together replace the onginal 
basic fraction m the toxin medium The arginme and lysine fractions were 


CASEIN (DIGEST 10 DAYS WITH PANCREATIN) 
I 

IN HgSO^ 

DOWEX 50 RESIN 
I 


FILTRATE 

(ACIDIC 

COMPONENTS) 


2N NH^OH 
ELUATE 

IRC 50 RESIN 


r 


0 5N HgSO^ 


ELUATE 


FILTRATE 

(NEUTRAL PEPTIDES 
AND AMINO ACIDS) 

(BASIC PEPTIDES 
AND AMINO ACIDS) 

AQpO 


pH 76 ppt 
(a) HISTIDINE 
(PEPTIDES) 


FILTRATE 
(c) LYSINE 

(peptides; 

pH 10 ppt 

(b) ARGININE (PEPTIDES) 

Fig 1 Initial fractionation of pancreatic digest on resin columns 


Table I 


Effect of Replacing Basic Fraction with Free Amino Acids 


Addition to basal medium* 

Toxin titer 


\ 

Lf per ml 

Complete pancreatic digest 

100 

Acid fraction + neutral fraction 

Nil 

tt t( ^ tt 

" + complete basic fraction 

75 

tt tt ^ tt 

“ + fractions (o) + (6) + (c)t 

70 

tt tt ^ tt 

“ + fraction (a) + L-arginine + L-lysine 

70 

C( U _j, it 

“ + none + " + 

Nil 

tt tt tt 

“ + L-histidine + L-arginine + L-lysine 

! “ 


* For the constitution of the basal medium, see Mueller and Miller (2) 
t See Fig 1 


replaceable by free argmme and free lysine, respectively, but free histidine 
■would not substitute for the histidine fraction (a), as is showm in Table I 
Histidine Fraction — Paper chromatography before and after hydiolysis 
showed that there were a numbei of ammo acids and peptides in this fme 
tion Peptides of aspartic and glutamic acids which would form silver salts 
more or less insoluble at neutral reaction are undoubtedly present Further 
separation was attempted and paitial success achieved by the use of heavy 
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sheets of filter paper (Schleicher and Schuell, No 470A) on which a con- 
sideiable amount (100 mg ) of material could be chromatographed These 
sheets were fitted at the top with a valve of Whatman No 1 paper, which 
slows down the rate of flow and consequently improves the separation (7) 
The histidine fraction, concentiated to a syrup, was apphed as a band across 
the top of the papei The sheets were developed by the descendmg tech- 
nique, a drop of phenol red servmg as a convenient marker The most 
useful solvent systems weie 5 per cent formic acid in secondary butanol and 
10 per cent aqueous concentiated NH4OH in secondary butanol, both half 
saturated with watei At the completion of the lun, the paper was thor- 
oughly diied and a number of narrow longitudmal strips were cut fiom the 
edge or the middle of the sheet One such strip was sprayed with nmhy- 
drm, and the others were used to locate histidine and other ammo acids 
This was done by laying a stiip on the surface of the agar m a large Pyre\ 
bakmg dish contammg minimal medium agar seeded with a suitable auxo- 
trophic mutant of Eschenclna coh Free histidme and peptides contammg 
histidine were readily located on a plate seeded with a histidme-requiring 
mutant, by the areas of growth around that part of the paper to which the 
histidme or its peptides had migrated A tracmg of these areas on trans- 
parent paper made it possible to cut the origmal chromatographed sheet 
into appropriate sections Each section was extracted with water, followed 
by 0 01 N H2SO4 The sulfate was then removed with Ba(OH)2 and the 
extracts concentrated in vacuo Toxin tests indicated certain of these ex- 
tracts to be effective in replacing the histidme fraction These active frac- 
tions were further examined, both before and after hydrolysis, by paper 
chromatography, by the use of auxmographic mutant plates, and by elec- 
trophoiesis vath use of Durrum’s paper strip procedure (8) Histidme, in 
combmation with many different ammo acids, was found in all fractions 
which were active Three peptides contammg histidme and isoleucine and 
two contammg histidme and lysme were identified The geneial distribu- 
tion of toxm-producmg components m the histidme fraction was deter- 
mined by this method, but the amount of material which could be thus 
separated was insufficient for further testmg and analysis Other methods 
of fiactionation were therefore mvestigated 
Separation of Histidine Fraction on Resin Columns— A. satisfactory sepa- 
lation Avas obtained by the use of resm columns and elution with volatile 
buffeis, which could then be lemoved by subhmation, accordmg to the 
method of Hirs, Moore, and Stem (9) Dowex 50 (250 to 300 mesh, 4 per 
cent Cl OSS linkage) was prepared according to their procedure and sus- 
pended m 0 2 m ammonium acetate buffer of pH 5 46 The histidine frac- 
tion vas concentiated in vacuo to a syrup, taken up m a few ml of the 0 2 
M ammonium acetate buffei, acidified with acetic acid to pH 2 0, and ap- 
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plied to the column Three ammonium acetate buffers were used succes- 
sively for elution, all prepared with glass-distilled water, redistilled acetic 
acid, and ammoma fieshly distilled mto water The rate of flow and the 
volume collected per tube vaned with the size of the column 
Amlysts of Effluent Fractions — ^Fractionation was followed m three ways 
(1) A loopful from each tube was placed on a large glass shde and, vhen 
dry, observed for the appearance, nature, and amount of crystalhne mate- 
rial (2) By applying a loopful of fluid from each tube to a sheet of What- 
man No 1 filter papei and chromatographmg foi 3 or 4 hours m one or other 
of the solvent systems mentioned above, the nmhydrm-positive materials 
were located and grouped (3) The most useful method of following the 
separation v as to e\anune the effect of the fluid m each tube on the growth 
of auxotrophic mutants of E coh Small disks of thick filter paper were 
dipped into each tube and laid on the surface of the agar in plates prepared 
noth minimal agar seeded wuth the organism Withm a few horns, or in 
some cases overnight, areas of grondh around certam of the disks were 
clearly visible The diameters of the growth areas, w’hich are roughly pro 
poitional to the amount of ammo acid present, were measured The lesults 
obtained from one such colunm by this technique and with use of four mu 
tants lequnmg, respectively, histidme, lysine, isoleucme, and arginine, are 
plotted m Fig 2 This was an early experimental column on which about 
60 mg of histidme fraction were separated Free histidme was located lu 
tubes 121 to 139, while the other histidme peaks represent one or more pep- 
tides contammg histidme Isoleucme is superimposed in part on thehisti 
dine hue, as it is also present m some of the histidme peptides Valine and 
phenylalanme emerge early, and are not shown The sohd hue at the end 
represents histidme and lysme eluted by the 2 m NH4OH Larger col 
umns were later used on which more material could be fractionated, and a 
somewhat better separation of the histidme peaks was obtained 
Removal of Buffers — The fractions makmg up each histidme peak were 
pooled and evaporated in vacuo to approximately 0 1 volume (10) and the 
concentrate wms neutrahzed with 1 m NH4OH, diluted ten times with 
water, and again evaporated, this time to a thick syrup The flask con 
taming the syrup wms attached to an oil pump fitted with a cold trap, and 
rotated by hand w^hile evacuation contmued, until a fine semicrystalhne 
film was deposited on the sides of the flask Crystallization could be m 
duced by lettmg a httle air in thiough the stopcock or by seedmg with a 
few crystals of ammomum acetate Once crystals had formed, the flash 
was left on the pump imtil thoroughlj'- dry The buffer salt was then sub 
limed with use of a water-cooled finger type condenser, the flask being wi 
mersed m a water bath at 30-40° When aU of the ammonium acetate had 
been removed, the residue was dissolved in water 
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Naturally Occwnng Pephdes — In this way a number of fractions iiere 
obtamed which were reasonably pure, which were active, and all of which 
were found to contam histidme in peptide form None of these fractions 
was obtamed analytically puie, but they were relatively free the one from 
the other, and each, if used m adequate quantity (3 to 5 mg m 5 ml of 
medium), was capable of leplacmg the entire histidme fi action m the me- 
dium used foi to\m pi eduction, although free histidme was vathout effect 
Consideiable information legarding the other ammo acids present m these 
active fi actions was obtamed Exammation subsequent to hydrolysis 
showed the presence of one or more of the following ammo acids m addition 



pH 5 46 pH 5 5 pH6 8 NH^OH 


Fig 2 Separation of 60 mg of the histidine fraction on a 2 X 40 cm column of 
Dowex 50 X 4 Ordinate, diameter of growth around filter paper disks on mutant 
plates Abscissa, the number of tubes Effluent collected in 4 ml fractions, flow 
rate about 10 ml per hour The pH and molarity of the ammonium acetate buffers 
are indicated 


to histidme glutamic acid, lysme, alanme, glycme, isoleucme, leucine, me- 
thionme, argmme, prohne, and vahne Some of these were undoubtedly 
present as impurities There were none common to all of the active fi ac- 
tions, and there was no evidence for a specific hnkage 

Synthehc Histidine Peptides^ — A number of synthetic histidme peptides 
w ere tested and were found to be effective m replacing the histidine peptide 

’ Through the kindness of Dr du Vigneaud of the Cornell Medical College, w e w ere 
able to test six synthetic histidme peptides prepared in his laborator^^ These were 
L-carnosine, /S-n-aspartyl-n-histidine, glycyl-n-histidine, L-o;-amino-n-butjr 3 l-n-his- 
tidine, L-alanjd-L-histidme, and n-alanyl-n-histidme Anserine, 1-methjl-DL-histi- 
dine, and 3-methjd-DL-histidme were kindly sent to us bj''Dr D Wright Wilson of the 
University of Pennsjdvania We are indebted to Dr R W Hollej of the New York 
State Experimental Station for the L-histidjd-L-alanine Acetj 1-L-histidme was pre- 
pared in this laboratory by Dr Harrj’’ Gooder bj'^ the procedures described (11, 12) 
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in the naturally occurring material Table II hsts these m the approxi- 
mate order of activity It is of interest that neither anserme, 1-methyl- 
DL-histidme, nor 3-methyl-DL-histidme had any effect on toxm production 
when tested under conditions m which camosme and othei peptides of his- 
tidme u eie effective Anserme, when added m addition to carnosme, did 
not mhibit the effect of the camosme 


Table II 

Comparative Activities of Histidine Peptides in Toxin 
Production by G tetani 


Compound* 

Toxm titer 

Glycyl-L-histidine 

Maximal! 

L-a-Amino-n-butyryl-L-histidine 

It 

(3-L-AspartyI'L-histidme 

It 

Acetyl histidine 

tt 

L-Carnosine 

Ct 

L-Alanyl-L-histidme 

90% maximalf 

D-Alanyl-L-histidine 

80% 

L-Histidyl-L-histidine 

60% 

L-Histidyl-L-alanine 

j 60% 

a-L-Glutamyl-L-histidine 

i 60% 

L-Leucyl-L-histidine 

i 40% 

Anserine 

i Inactive 

1-Methyl'DL-histidine 

« 

3-Methyl-DL'histidine 

it 

L-Histidine 

ft 


* Peptides in approximate order of activity 

t “Maximal” titer was taken as that routinely obtained on a medium containing 
the v hole pancreatic digest of casein The actual amount of peptide necessar)’ to 
produce this varied from 0 05 mg of glycyl-L-histidine to over 5 mg of carnosme 
t This and the following compounds never achieved “maximal” titer, even'" ten 
amounts up to 10 mg vere used 

With the still relatively crude base, which contained the acidic and neu- 
tral fractions of the casein digest, it has not been possible to carry out com 
pletely comparative quantitative assays It could be determmed, however, 
that toxm is produced m response to a number of histidme dipeptides, and 
that there are quantitative differences m then effect The titers of town 
obtamed when various amounts of four peptides are added to the 
medium are plotted m Fig 3 The most active peptides tested were glycyb 
L-histidme and L-a-ammo-n-butyryl-L- histidme Acetylhistidme and 
camosme are effective, but high yields of toxm are obtamed with these sub 
stances only when large amoimts are used 

Glycyl-irlnshdine — ^This peptide was the most active of those tested 
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The titers of toMii obtained on the addition of increasing amounts of this 
substance to an otheiwise complete medium are seen m Table III The 



MICROGRAMS PER 5 ML 

Fig 3 The comparative eflfect of histidine peptides on toxin production bj' C 
tetam The basal medium contains 1 25 mg of L-histidine per 5 ml 


Table III 

Effect of Glycyl-Xj-htshdine on Tetanus Toxin Production 


Addition to medium* 

Amount added 

Toim titer 

Nothing 

mg per 5 ml 

LJ per ml 

Nil 

Glj cyl-L-histidme 

0 1 

40 

it 

0 25 

no 


0 5 

80 

it 

1 0 

no 

it 

1 5 

130 

t( 

2 0 

130 

it 

2 5 

130 

Pancreatic digest 

115 

135 

“ (( 

115 

140 


* Basal medium (2), to vhich the acidic and the neutral fractions of the pancreatic 
digest have been added The three subtractions of the basic fraction have been re- 
placed by L-histidine, L-arginine, and L-ljsine 


addition of as little as 1 5 mg to 5 ml of medium gave essentiall 3 '’ as high a 
toxin titer as could be obtained with the complete panel eatic digest 
Preparation of Peptides — With the generous help and coopeiation of Dr 
Max Bovarnick and Dr E Borek of the Veteians Administration Hospital, 
Brookljm, in whose laboratories one of us (J H M ) earned out some of 
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these S3Tatheses, a uumbei of peptides were prepared, including a-L-glu- 
tamyl-L-histidme, leucyl-L-histidine, and histidyl-L-histidine 

Glj'cyl-L-histidine i\as prepared m this laboratory from chloroacetyl-L- 
histidme by the geneial method of Rao ei al foi other glycyl peptides (13) 
It was found that the chloioacetyl intermediate could be pmified and crys 
talhzed by passmg the crude reaction mixtuie through a triple column of 
Dowex 2, and by displacement with dilute HCl, according to the technique 
of Partridge and Brimley (14) After aimnation, the peptide was sepai ated 
from by-pioducts by fractionation on tuple columns of Dowex 50, eluting 
mth dilute ammomum hydroxide Fractions containmg combined histi 
dine were pooled and the glycyl-L-histidine was crystallized 

Carnosme was prepared synthetically, and was also obtamed from beef 
skeletal muscle by chromatography on Dowex 50 Cainosine, and anserme 
if present, could be detected by auxmographic methods with two mutants 
of E coh, the one lespondmg to histidine or carnosme but not to anserine 
or methylhistidme, the second responding to /3-alanme, carnosme, or an 
serme The carnosme fraction obtamed was fmther purified on Amberlite 
IR-112 with use of ammonium acetate buffers by the method of 
Hirs et al (9) Precipitation of the appropriate fraction with silver pio 
duced about 0 6 gm of crystalline carnosme from 1 kilo of skeletal muscle 
A small amount of beef heart mfusion is mcluded m the basal medium, 
and it at first seemed that this should rule out the need for carnosme, the 
utihzation of which was therefore somewhat puzzhng However, reports 
m the hterature (15) mdicate that 100 gm of beef heart contain only 4 or 5 
mg of carnosme, and, since less than the eqmvalent of 0 2 gm of fresh tissue 
IS added to 5 ml of medium, this would supply only about 0 01 mg of car 
nosme and would be meffective as a source of this peptide As a further 
confirmation of the relatively small amount of carnosme m beef heart, at 
tempts to prepare it from this tissue by the method used for obtaming it 
from beef skeletal muscle were unsuccessful 
Peptzdes in Acidic and Neidral Fractions — There is evidence that the 
remammg unknown components m the acidic and neutral fractions are 
also peptide m nature As has been reported (5), the active material ui 
the acidic fraction appears to be a peptide or peptides contaming glutamic 
acid isoleucme, and serme, vhich is combined with the phosphorus 
The neutral fraction is the largest and most complex The majority of 
the active fractions obtamed by separation on resm columns show on hy 
drolysis the presence of both lysine and glutamic acid, with a wide vaiiety 
of other ammo acids Peptides of glutamic acid oi glutamine seem a defi- 
nite possibility, since glntamre acid, although not piesent as such m the 
pancreatic digest, is essential for giourth of the organism, yet if the L-ammo 
acid IS added to the complete medium, the production of toxin is inhibited 
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None of the peptides available to us has proved effective in the amounts 
and combinations tiled ^ 

The fact that the active mateiial is widely distributed throughout this 
fraction may indicate activity with seveial peptides, each containing a 
common specific ammo acid It does not, however, exclude the possibihty 
that concomitant piesence of two kinds of peptides is essential, nor the 
possibility that the essential materials aie not peptide in nature 


DISCUSSION 


Under our experimental conditions, toxm does not appear m the medium 
in large amount, leadily detectable by flocculation, until about the 3rd day 
of growth, at which time the culture begms to autolyze Autolysis is com- 
plete by the 4th oi 5th day, when the toxm is harvested If foi some reason 
autolysis does not take place, and it is possible by various methods to pre- 
vent this, only a small amount of toxin ivill be found m the medium Little 
is known of the relationship between toxin synthesis and general protoplas- 
mic synthesis That tetanus toxm is formed and can be demonstiated 
within the cell has been shown by Raynaud (16) and confirmed by us The 
striking feature of toxm foimation is that it is not directly correlated with 
the general growth processes, the omission of one essential material (histi- 
dine peptides) prevents the pioduction of toxm by the cell, although growdh 
occurs 

The effect of peptides on the grow'th of microorganisms has been rather 
extensively studied, and a number of suggestions have been offered to ac- 
count for the mcreased activity of peptides as compared wuth that of the 
free ammo acids The three most common explanations for the superior 
effect of peptides over the free ammo acids have been recently summarized 
by Kihara and Snell (17) They are (a) that the free ammo acid is rapidly 
degraded by certain organisms, thereby resulting m a deficiency, (b) that 
some cells appeal to be more peimeable to peptides than to the free ammo 
acids, and (c) that certam substances m the medium may inhibit the assim- 
ilation of the free acid by the cell The piesent situation is unique m that 
free histidme is utihzed by the orgamsm foi groivth, but even in 
laige amounts it cannot replace the peptide in the foimation of toxm For 
the foimation of toxm by the cell, the histidine must be supplied m peptide 
foim Moreover, from the observation that acetylhistidme can be uti- 


“ Through the kindness of Dr Fruton of Yale Universitj , we were able to test 
the following glutamic acid peptides glycjl-n-glutamic acid, a-n-glutamvlgbcsl- 
glycine, a-L-glutamjd-L-t3'rosine, and gljmj Iglj cjd-o'-glutamjdglj cine Glutamjl- 
L-lustidme was prepared in this laboratory From the late Dr Erwin Brand of New 
lork University, we received samples of the following tysine peptides HLjs- 
Gly OH HCl, H Glu OH-n-Lys OH, H Gly-Lys-Gly-OH HCl, H hy s-Lj s L3 s OH- 
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lized and the furthei observations that anseune and the methylhistidmes 
are not effective, it appears that the essential requuement foi the formation 
of to\in IS the structuial specificit 3 ’- of histidine m peptide linkage 
Histidine peptides aie hydiolyzed when they aie incubated \\ith cashed 
cells of C teiam giovn on tovin-pioducing medium Further studies on 
the function of this enzyme in relation to the peptide reqmrement for toxin 
pi eduction are now in progiess 

SUMMARY 

A pancreatic digest of casein, the kej’- material in a defined medium for 
the pioduction of tetanus to\in, has been sepaiated by means of leversible 
lesin columns into thiee mam fiactions (1) an acidic fraction, (2) a neutral 
fraction, and (3) a basic fraction The participation of the basic fraction 
m the pioduction of toxin has now been elucidated By means of silver 
precipitation it has been separated into thiee subfi actions, free arginine 
and lysine will substitute for the coiiespondmg tuo subfiactions, and the 
essential component in the histidine fi action has been identified as histidine 
in peptide linkage Synthetic histidine peptides can be successfully sub 
stituted for the naturally occur ring material, and differences in their effect 
on toxin production have been observed Glycyl-L-histidme and a-ammo 
w-butyiyl-L-histidine were the most active of those tested Camosine or 
acetylhistidme mil substitute, but good toxin is produced only when large 
amounts of these substances are used Free L-histidme is without effect on 
toun production but will support giowth of the organism Piehminary 
experiments on the remaining unknown components in the acidic and neu 
tral fractions indicate that they also may be peptide m nature 
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STUDIES OF THE BIOSYNTHESIS OF OROTIC ACID* 
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(Received for publication, January 23, 1956) 

It has been established that orotic acid, or a closely i elated compound, 
IS a precursor of the pyiimidines in nucleic acid (2-9) In studjang the 
synthesis of orotic acid, Lieberman and Kornberg (10) have demonstiated 
the follovnng reactions in a cell-free extract of Zymobacterium oroticum 

Ureidosuccimc acid (US)' dihydroorotic acid (DHO) orotic acid (OA) 

US was shovm by Reichard and Lagerkvist (11) to be a direct precursoi 
of OA in lat hver slices, and the conversion of US to OA via DHO in rat 
liver homogenates was established by Cooper and Wilson (12) 

The mam purpose of this paper is to present observations on the ability 
of cell fractions of rat hver to convert US to OA 

Methods 

Fractionation of Rat Liver Homogenates — The procedure of Hogeboom 
et al (13) was used Usually two rats of the Wistar strain v ere killed, and 
15 to 20 gm of hver were obtained The percentage lecovery of each 
fi action and the homogeneity of the preparations were sirmlar to those 
leported (13) 

Dh-Ureidosuccinic Acid-Ureido-C^^ was synthesized by the method of 
Nyc and Mitchell (14) 

Isolation and Purification of Pyrimidines — After the incubation, the pro- 
teins weie precipitated with an equal volume of 10 per cent trichloroacetic 
acid (TCA), and the residue was lemoved by centrifugation and washed 

* The data in this paper have been taken from a thesis presented bj^ Ray Wu to 
the Graduate School of Arts and Sciences of the University of Penns 3 dvania in partial 
fulfilment of the requirements for the degree of Doctor of Philosophj' An abstract 
of a preliminary report of this v ork has appeared (1) Aided by a grant from the 
American Cancer Society, administered b 3 the Committee on Grov th of the Na- 
tional Research Council, and by a grant from the Atomic Energ 3 Commission 

t Present address. Public Health Research Institute of The Cit 3 ^ of New York, 
Foot of East 15th Street, Nev York 

' The folloinng abbreviations are used in the present paper AD, alcohol deh 3 dro 
genase, ASU, acid-soluble uracil, ATP, adenosine triphosphate, CoA, coenz 3 me A, 
DPN, diphosphop3 ndine nucleotide, DPNH, reduced DPN, DHO, dih 3 droorotic 
acid, FDP, fructose-1, 6-diphosphate, OA, orotic acid, TCA, trichloroacetic acid, 
TPN, tnphosphopyndine nucleotide, US, ureidosuccimc acid 
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mth 10 ml ol 5 per cent TCA The combined supernatant fluid ivas put 
through a charcoal column (Daico G-60, 60 to 100 mesh, a 3 X 1 cm column 
gave a flow rate of around 4 ml pei minute with air piessure) After 
bemg washed with 200 ml of water, the pyiimidines adsorbed on the col 
umn were essentially free from TCA, buffer salts, soluble proteins, and the 
unchanged radioactive US The pyrimidines were then eluted vith con 
centrated NH 40 H-ethanol-H 20 (10 25 65 by volume), and the eluate was 
dried and purified by chromatography on Whatman No 3 paper withbu 
tanol-acetic acid-water (4 1 1) The OA band {Rf = 0 18) and the uracil 
band {Rf = 0 45) were separately eluted with warm water Usually, the 
OA eluted from the paper was free fiom contarmnants, but routinely it was 
put through a Dowex 1-Cl column to assure its purity With a 5 X 07 
cm column, when eluted with 0 008 N HCl, the OA was usually collected 
between tubes 10 and 14 (10 ml per tube) The uracil eluted from the 
paper was purified on a Dowex 1-OH column 
Samples of 50 to 300 y were counted m stainless steel planchets with a 
gas flow counter, sufficient counts being made to reduce the standard error 
to 5 per cent or less 


Results 

Conversion of US to OA in Rat Liver Homogenates 

Previous work (11, 15) on the conversion of US to OA was carried out 
ivith either a bank of OA included m the incubation or with carrier OA 
added at the end, so that direct comparison of the specific activity in the 
original substrate with that of the newly synthesized OA could not be made 
To overcome this disadvantage, we have incubated US-ureido-C“ with a 
2 1 rat fiver homogenate and have isolated OA directly That its specific 
activity IS almost the same (about 96 per cent) as the original US-C‘^ sup 
ports the hypothesis that OA is on the direct path of uridyhc acid synthesis 
from US 


Conversion of US to OA in Fractionated Liver Homogenates 

Ability of Cell Fractions to Synthesize OA from US — Rat fiver homogen- 
ates, fractionated in 0 25 m sucrose, gave results (Table I) to indicate that 
the nuclear, mitochondrial, and microsomal fractions were almost equally 
active in converting US to OA The supernatant fraction was completely 
inactive in this regard 

Ability of Cell Fractions to Synthesize Acid-Soluble Uracil from US and 
OA — ^A similar set of experiments w^as earned out to examine the abihty 
of individual cell fractions and the reconstituted homogenate to convert 
US and OA to acid-soluble uracil Uracil was isolated from the incubation 
mixture at the end of the experiment The finding of uracil rather than 
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UTidylic acid is probably due to the action of degradation enzymes on the 
acid-soluble uridyhc acid undei the experimental conditions employed 

Table I 

Conversion of US to OA in Cell Fractions 
Each flask contained 5 /imoles of US-ureido-C*^ (50,000 c p m per /xmole), 10 
^moles of DPN, 10 /imoles of ATP, andlOpmoles of fructose-1, 6-diphosphate in 15 
ml of phosphate buffer (14) at pH 7 4 All the flasks were incubated at 25° for 4 
hours with continuous gassing (95 per cent 0»-5 per cent CO 2 ) 10 ^moles of carrier 
OA were added at the end of the incubation 


Fraction 

Specific 
activity of 
OA 

N 

Specific 
activity of 
OApermg N 

OA synthesis 
per mg N* 


c P m 
per tiinole 

Wig 

c p m per 
fimole 

fiinole 

Nuclear 

4750 


95 


Mitochondrial 

3400 


60 


Microsomal 

2460 

30 

82 

0 0164 

Supernatant 

9 

57 

0 

0 

Reconstituted homogenate 

3680 

70 

53 

0 0106 


* Micromoles of OA synthesis per mg of N = (specific activity of OA per mg 
N X 10)750,000 


Table II 

Synthesis of Acid-Soluble Uracil from US and OA 


Fraction 

Acid-soIuble uracil* from US 

Acid soluble 
uracilt from OA 

Nuclear 

c p m per 
limole 

23 

c p m per 
linwle per mg N 

0 

cpm per limole 
per mg N 

0 

Mitochondrial 

0 

0 

0 

hlicrosomal 

12 

0 

3 

Supernatant 

0 

0 

21 

Reconstituted homogenate 

2700 

33 



* The experimental conditions were the same as those given in Table I, except 
that 5 ^tmoles of uracil were added as earner at the end of the incubation 

t Each flask contained 5 ^umoles of OA-2-C*-' (41,000 c p m per ^tmole) in phosphate 
buffer containing DPN, ATP, and FDP, as given in Table I The flasks vere incu- 
bated at 32° for 50 minutes with continuous gassing The enzyme preparation con- 
taining about 6 mg of N was used in each experiment At the end of the incubation, 
5 ^imoles of carrier uracil were added 

The data (Table II, second and third columns) indicate that onl}’’ the re- 
constituted sample, with supernatant flmd present, synthesized appreciable 
amounts of uracil from US The results m the last column (Table II) 
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show that the particulate fractions of rat liver weie unable to convert OA 
to acid-soluble uracil, while the supernatant fraction was able to carry out 
this conversion 

Optimal Conditions for Conversion of US to OA by Particles 

of Liver Cells 

Effects of Aging, Freezing, and Yersene (Ethylenediaminetetraaceiic 
Acid ) — Aging at room temperature for 3 houis or freezing overmght caused 
a loss of 20 to 30 per cent of the activity of the nuclear fraction Versene 



Time (hours) Temperature 

Fig 1 Fig 2 

Fig 1 Time curves of OA synthesis Each flask contained 1 /nmole of US ureido 
C‘^, 0 5 /nmole of DPN, 3 /imoles of MgCb, and the enzj'me fraction containing about 
5 mg of nitrogen They were incubated with phosphate buffer at pH 7 0 at 25° 4 
/nmoles of carrier OA were added at the end of the incubation X, nuclear evtract, 
O, mitochondrial extract, A, microsomal extract 

Fig 2 Temperature curves of OA synthesis The conditions were similar to 
those described in Fig 1 The flasks were incubated for 3 hours 

did not reduce the activities of the particles studied This suggests that 
divalent metal ions are not required by these enzyme systems 
Effect of Time (Fig 1 ) — The time curves of orotic acid synthesis were 
linear until they leveled off between 3 and 4| hours 
Effect of Temperature (Fig 2 ) — ^For the microsomal fraction, a straight 
hue plot showed an increment of activity ivith increasing temperature up 
to 38° For the mitochondrial fraction, however, the optimal temperature 
was around 28° The curve for the nucleai fraction was similar to that of 
the microsomal fraction 

Conversion of US to OA in Extracts of Particles, Lysing Agents — The iso 
lated particles were at first extracted with 10 volumes of watei m an at 
tempt to dissolve the enzymes It was found that the water-soluble e\ 
tract of the mitochondrial fraction had about 35 per cent of the enz}®^ 
activity of the intact preparation, but the activities of the nuclear and ^ 
microsomal fractions weie very low 
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Among the surface-active agents tested, 1 per cent digitomn^ in water 
was found to be the most effective, it released 45 per cent of the actmty 
from the nuclear fraction, 76 per cent from the mitochondrial fraction, and 
80 per cent fiom the miciosomal fraction 1 per cent saponin and 1 per 
cent sodium dodecyl sulfate (Duponol) gave totally inactive extiacts, 
although the extracts contained consideiable amounts of piotein More 
dilute saponin solutions, deoxycholate, and n-butanol all gave inactive 
extracts Freezing and thawing, some vibration, and treatment m a Wai- 

Table III 

Effect of Metal Ions on OA Synthesis 


Each flask contained 1 pimole of US-ureido-C‘^, 0 5 ;imole of DPN, and about 1 
mg of nitrogen It vas incubated vith phosphate buffer, pH 7 0, at 25° for 3 hours 
4 /imoles of carrier OA were added at the end of the incubation 


Extract 

Final concentration of divalent metal ions 

Specific activity of 
OA per mg N 

Nuclear 


0 

c p m per nmole 

613 


CaCh 

0 012 

470 


CuSOi 

0 004 

590 


MgCU 

0 001 

600 

Mitochondrial 


0 

452 


CaCh 

0 012 

283 


CuS04 

0 004 

165 


MgCb 

0 001 

450 

Microsomal 


0 

767 


CaCb during fractionation 

0 0018 

350 


CaCl-* ^ 

0 012 

330 


CuS 04 

0 004 

760 


MgCb 

0 001 

754 


mg blender were also found to be unsatisfactory in dissolvmg the enzymes 
for OA synthesis 

Effect of Calcium, Magnesium, and Cupric Ions {Table III ) — Calcium 
ions (0 012 m) reduced the enzyme activity to 40 to 75 per cent of the origi- 
nal m all three fractions The enzyme activity in the mitochondrial exti act 
was reduced to one-third of the original in the presence of 0 004 m CuSOi 
Magnesium ions vere found to have neither inhibitory nor stimulatory 
effects under the experimental conditions 

- Digitonm (hlerck and Company, No 52223 or 51393) \\as soluble m water The 
digitonin produced at present (No 50315 or 50334) is insoluble in \\ater, 20 per cent 
ethanol has to be added to obtain a 1 per cent digitonin solution 20 per cent ethanol 
added to the 1\ sed extract was found to have no inhibitor} effect on OA smthesis 







200 


BIOSYNTHESIS OF OROTIC ACID 


pH Opiim'im {Fig S) — The optimal pH for all three fractions was m the 
neighboihood of 6 8, with a rather broad maximum fiom pH 6 4 to 7 2 
Different Amounts of Enzijmes {Fig Jf) — In these experiments 1 jnnole of 
US and different amounts of enzyme extracts from the mitochondrial and 
microsomal fractions were used The enzyme solutions contaimng about 
4 0 mg of nitrogen appeared to be maximal for 1 nmole of US 

Cofactoi Requirements — For the studies of cofactor requiiements, the 
extract was passed through a 3 X 1 cm charcoal column to remove the 
free diphosphopyiidine nucleotide (DPN), adenosine triphosphate (ATP), 
and coenzyme A (CoA) The chai coal-treated extract had lost none of 



Fig 3 Fig 4 

Fig 3 Effect of pH on OA sj nthesis The experimental conditions were similar 
to those described in Table III X, nuclear extract, O, mitochondrial extract, A, 
microsomal extract 

Fig 4 Synthesis of OA with different amounts of enzymes The experimental 
conditions were similar to those described in Table III, except that each flask con 
tamed from 0 7 to 7 0 mg of nitrogen X, mitochondrial extract, O, microsomal 
extract 

its activity It contained more than 90 per cent of the original nitrogen 
content, but the spectrophotometric leadings were reduced to between 
60 and 75 per cent of those of the untreated extiact 
DPN Requirement — The addition of DPN to the charcoal-treated prepa 
lation gave practically no inciease of activity The microsomal extract 
was furthei treated by adding solid ammonium sulfate to 70 per cent satu 
ration The mixture was centrifuged and the precipitate was dissolved m 
20 ml of buffer at pH 7 0 It was dialyzed at 4° against 1 hter of 0 05 M 
sodium phosphate buffer (pH 7 0) for 6 and for 24 hours The addition 
of DPN or triphosphopyridine nucleotide (TPN) to this prepaiation still 
showed no consistent stimulatory effect on OA synthesis 

Since the results of the direct stimulation by DPN were uncertain, alco 
hoi dehydrogenase and acetaldehyde weie used, not only because alcohol 
dehydrogenase was reported to be specifically linked to DPN (16) but also 
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because the equihbimm is in favor of DPN formation The data in Table 
IV show that the alcohol dehydrogenase and acetaldehyde produced a 
14-fold increase in OA synthesis in the mitochondrial extract and a 7-fold 
increase in the microsomal extract 

Table IV 

Effect of AD on DPN Requirement 

Each flask contained 1 /imole of US-ureido-C*^ in 5 ml of phosphate buffer (pH 
7 0) The enzyme fraction contained about 1 mg of N per experiment The mito- 
chondrial extract was incubated at 25° and the microsomal extract at 38° for 3 hours 
4 fimoles of carrier OA were added at the end of the incubation 0 1 ml of crj^stal- 
Ime yeast alcohol dehydrogenase was used, containing 340,000 units (17) 


Charcoal-treated 

extract 

Addition 

Specific activity of 
OA per mg N 

Mitochondrial 

None 

c p m per iimole 

266 


25 /nmoles GHjCHO, 0 1 ml AD 

3760 

Microsomal 

None 

272 


25 /imoles CH 3 CHO, 0 1 ml AD 

1940 


Table V 


Effect of AD on OA Synthesis in Mitochondrial Extract 

The conditions were the same as those given in Table IV, except that the flasks 
were incubated at 28° for 3 hours 


Extract 

Addition 

Actual counts in OA 

ml 


c p m per nmole 

1 

None 

333 

1 

25 /nmoles CH 3 CHO 

321 

1 

0 1 ml AD 

1330 

1 

CH 3 CHO, AD 

1260 

2 

t< (( 

1820 

1 

“ “05 /nmole DPN 

1240 

1 

“ boiled AD 

336 

0 

i 

“ AD 

27 


To get more detailed information about the effect of alcohol dehydrogen- 
ase (AD), data m Table V were obtained The obseivation that AD gave 
the same stimulation without the addition of acetaldehyde probably indi- 
cates that there were enough aldehydes piesent in the extract No further 
stimulation upon addition of DPN suggests that there veie sufficient 
amounts of DPN in the extract to support maximal OA s 3 '’nthesis With 
1 ml of extract the rate of OA synthesis was probably hmited bj^ the 
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amount of the necessary enzymes, since more OA was formed with 2 ml 
of extract 

The DPN requirement w^as also suggested when the incubation was made 
anaerobic The enzyme extracts from mitochondria and from microsomes, 
each wath phosphate buffer, were placed in different Thunberg tubes and 
radioactive US was placed in the bulbs The tubes w^ere evacuated mtli 
an oil pump and refilled wath mtrogen The process was repeated trace 
The US w^as tipped in and the solutions were allowed to digest anaerobically 
for 3 hours at 25° and 38° The specific activity of the OA formed was 



;j mo I e s US 

Fig 5 Synthesis of OA with different amounts of substrate The expenmental 
conditions were similar to those given in Table III All the flasks were incubated 
at 32° for 3 hours The final volume was 8 ml X , nuclear extract, A , mitochondnal 
extract, O, microsomal extract 

greatly reduced in the anaerobic tubes and was higher if air w^as permitted 
to enter when the US was tipped in The results suggest that DPN and 
DPNH oxidase may be involved since the synthesis of OA (a) w^as reduced 
to about a fourth under anaerobic conditions, and (h) returned towmrd the 
control values after air was admitted 

ATP Requirement — No stimulation of formation of OA could be demon 
strated with the addition of varying amounts of ATP to the charcoal 
treated extracts of nuclear, mitochondrial, and microsomal fractions The 
addition of hexokmase and glucose, which remove ATP effectively, failed 
to reduce the incorporation of radioactivity into OA even when hexokmase 
w'^as added at 0, 50, 100, and 150 minutes during the digestion wath a char 
coal-treated rmcrosomal extract 
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CoA Requirement — The addition of varying amounts of CoA incubated 
for 0 5, 1, and 3 hours showed no stimulation of OA synthesis with the 
charcoal-treated nucleai, mitochondiial, and miciosomal extracts 

Varying Amounts of Suhsti ate — The rates of formation of OA v ere de- 
tei mined by using fairly small amounts of cmde enzyme extract and dif- 
ferent amounts of US The results aie plotted m Fig 5 

DISCUSSION 

The problem of whethei OA is on the diiect pathway of pyrimidine nu- 
cleotide synthesis has never been settled Mitchell et al (18) concluded, 
from genetic evidence, that OA was not a “normal” mtermediate m pyrim- 
idine biosynthesis m Neurospora On the other hand, Reichard (19), by 
workmg vuth rat hver shoes, favored the suggestion that OA is a “normal” 
intermediate (20) 

We have presented evidence which supports the idea that OA is a “nor- 
mal” intermediate (a) ATP is not required for the synthesis of OA from 
US m extiacts of lat hver mitochondria and microsomes It would seem 
that ATP would be reqmred if orotidine-5-P04 were formed before OA was 
formed The conversion of OA to uridyhc acid reqmres ATP (20, 21), as 
would be expected if OA were converted to orotidine-5'-P04 before bemg 
changed to uridyhc acid (6) Upon incubating US-uieido-C^^ with rat 
hver homogenate, we have isolated OA with almost undiluted specihc 
activity The introduction of one or more additional compounds between 
US and OA makes possible a greater dilution of the final specific activity 
of OA 

OA may be converted mto the uracil of nucleic acid and into acid-soluble 
uridyhc acid and acid-soluble uracil (ASU) in rats (15, 20) Acid-soluble 
uridyhc acid may be incorporated into the pyrimidines of nucleic acid (22) 
Uracil may be derived from uridyhc acid (21), but does not foim uridyhc 
acid nor the pynmidines of nucleic acid (23) f therefore the reaction, uridyhc 
acid uracil, is practically irreversible Orotic acid is converted into 
orotidme monophosphate and this reaction occurs before uridyhc acid is 
formed (21) 

Accordingly, it seems to us not unreasonable to think that orotic acid is 
incoiporated first into orotidme monophosphate and then into uridyhc acid 
Uridyhc acid may form ASU It has not been determined whether all of 
the compounds kno^\m to be incorporated into pyrimidines of nucleic acid 
aie formed into nucleosides or nucleotides before they undergo further 

’ Reichard (23) found small amounts of radioactivity incorporated in the nucleic 
acid pyrimidines when radioactive uracil was injected into rats However, he recog- 
nized that the amount incorporated was such that it might come from CO- formed 
by the oxidation of some of the uracil 
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changes However, the fact that US may be changed by tissue enzymes 
into DHO and OA mthout addition of ATP suggests that the reactions 
leading to OA formation may occur mthout nucleoside or nucleotide for 
mation 

The sequence of polynucleotide pyrimidine biosynthesis, as suggested 
by the work of others and of ourselves, may be postulated as follows* aspar 
tic acid — ^ US DHO — » OA orotidme-S'-POi — > uridyhc acid -» 
polynucleotide pyrrmidmes 

Studies with fractionated rat liver homogenates have revealed that the 
enzyme systems responsible for the synthesis of OA from US are fairly 
evenly distnbuted in all three particulate fractions The distnbution oi 
this system possibly reflects the importance of these two compounds as 
normal intermediates in pyrimidme biosynthesis The occurrence of the 
enzyme systems for OA symthesis in the particulate fractions and those for 
convertmg OA to ASU in the supernatant fraction is another example of a 
comphcated metabohc process which is carried out by integrated actions of 
several cell structures It is interesting to note that the conversion of US 
to OA requires no ATP and ions, whereas the conversions of aspartic 
acid to US (24) and OA to uridyhc acid (20) are reported to require both 

SUMMARY 

1 Evidence has been obtained with rat hver homogenates and water 
soluble extracts to support the theory that orotic acid (OA) is on the direct 
pathway of pymmdine nucleotide synthesis 

2 The nuclear, nntochondrial, and microsomal fractions of rat hver were 
almost equally active in convertmg ureidosuccimc acid (US) to OA, while 
the supernatant fraction was totally inactive On the other hand, the 
latter was able to convert OA to acid-soluble uiacil, while none of the par 
ticulate fractions was active in this conversion 

3 The optimal conditions for OA synthesis, including temperature, 
incubation time, and pH, were determmed 

4 The enzyme systems wnre extracted from particles wnth 1 per cent 
digitomn 

5 Diphosphopyridine nucleotide was found to be required for the con 
version of US to OA, while no requirements for adenosine triphosphate, 
coenzyme A, oi Mg++ ions could be demonstrated Whereas calcium ions 
inhibited the enzymes from all three fractions, cupric ions inhibited only 
the xmtochondnal enzymes Versene was found to protect the enzymies 
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The sulfonamide gioup is generally classified among the moie stable 
functional groupings from a chemical standpoint, and expenence has shown 
this generalization to apply in the animal body as well Wifiiams states 
that “the aromatic sulfonamide group appears to resist tiansformation in 
VIVO and is usually excreted as such” (1) '■ 

Heterocyclic sulfonamides (R — SO 2 NH 2 , where R = heterocyclic img) 
are often less stable to hot acid than the aromatic analogues, being hydio- 
lyzed to the coi responding R — OH compounds m some cases (2) This 
report indicates that they may be moie susceptible to metabolic degra- 
dation as well 

A number of heteiocychc sulfonamides (2) have been found (3) to be 
powerful inhibitors of carbomc anhydrase in vitro Some of them, such 
as 2-acetylammo-l,3,4-thiadiazole-5-sulfonamide (Diamox acetazolam- 
ide), augment the excretion of bicarbonate, sodium, potassium, and water 
by the dog (4) and by man (5), presumably because of their carbonic anhy- 
drase-inhibitoiy pioperties Others are nearly or totally devoid of activity 
in mvo, one of the most interesting of these being 2-benzothiazolesulfon- 
amide 

This compound, although about twice as actnm as acetazolamide in 
vitro, produces only a mild increase m bicarbonate output by the dog, even 
upon massive intravenous dosage (200 mg per kilo) Whereas acetazol- 
amide given m this manner can readily be isolated in unchanged foim from 
the mine to the extent of about 70 per cent of the dose (6), the urine of a 
dog leceiving benzothiazolesulfonamide shows little inhibition of carbonic 
anhydrase by the assav method in vitro of Maren et al (7) 

The slight and transient effect of a small dose of this compound m the 
dog IS shonm in Fig 1 , the plasma concentration drops rapidly, alkaliza- 
tion of the urine is biief, and the drug output m the uiine almost ml A 
direct comparison with acetazolamide is available, since hlaren et al ((6), 
Fig 3, C) show the high renal recover 3 '^ and lelativelj^ prolonged plasma 

* Ho'never, it should be pointed out that it has rarely been possible to account 
quantitatively for the intact sulfonamide grouping among the excreted products of 
an administered sulfonamide compound 
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concentrations following the same dose of acetazolamide in the same do^ 
made \vithm a month of the experiment of Fig 1 
One possible explanation foi the results with benzothiazolesulfonamide 
would be the rapid and nearly complete metabolism of the compound bi 
the dog Two experiments were carried out m an attempt to verify tbs 
hypothesis by examination of the urine Although these studies failed to 
account for the major portion of the sulfonamide, a metabolic product rras 
isolated and characterized, accountmg for 25 per cent of the admmisteied 



Fig 1 The transient renal effect and fate of 2-benzothiazolesulfonaiiude in the 
dog 5 mg per kilo intravenously at the arrow Dog M52, March, 1952 These 

data were obtained by Dr T H Maren of these laboratories, and are presented mth 

his kind permission Analj^ses by the Maren method (7), which assays a compound 
in terms of its potency in inhibiting carbonic anhydrase The data are related to a 
standard curve to give actual concentrations of the compound (or its equivalent) 

drug m the first case and 9 per cent in the second (26 per cent estimated by 
spectrophotometry to be present in the latter) This product was identi 
fied as the glucuromde of 2-mercaptobenzothiazole 


EXPERIMENTAL 

Materials and Methods 

The dogs were healthy adult beagles, members of the colony maintained 
at these laboi atones Uiine was collected in bottles partially filled vndi 
mineral oil, placed under metabolism cages 

Samples from the same batch of benzothiazolesulfonamide were used 
both experiments The compound showed a sharp melting point, 176-b^^ 
(corrected), decomposed A Kjeldahl analysis gave 12 92 per cent 
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calculated, for C7H6N2O2S2, 13 08 per cent The possibility that this batch 
was contaminated with a sigmficant amount of 2-mercaptobenzothiazole 
was excluded by the demonstiatioii that the ultiaviolet absorption spec- 
tium of the batch employed (maxima at 274 and 237 mfi in phosphate 
buffei, pH 7 0) was supeiimposable on that of a highly purified sample, 
while a mixtuie of 95 pei cent sulfonamide and 5 per cent mercapto com- 
pound gave a cuive with a very evident new shoulder in the legion of 320 
mAi (The pme meicapto compound in buffei, pH 7, shows an absorption 
’ maximum at 313 m/i ) 

The ultiaviolet absoiption spectia were obtained with a Beckman model 
DU spectrophotometei , 1 cm quaitz cells weie used Assays for meta- 
bolic products weie earned out by accuiate dilutions of unknovm solutions 
and measmement of absoiption spectra in the range, 220 to 370 mju Con- 
centrations were estimated fiom the absorption maximum at 278 m^u shown 
by the pure metabolite (en = 12,700) Actual weights were measured 
directly, except wheie noted 

Isolation of Metabolic Product 

Male Dog M70, Weight, 17 4 K'dos — A filtered solution of 2 50 gm of 
benzothiazolesulfonamide in about 20 ml of watei contaimng 1 equivalent 
of NaOH was injected intravenously The total 0 to 45 hour urme (415 
ml ) w^as diluted to 440 ml , filtered, and refrigeiated Portions w^ere ex- 
tracted with various solvents at neutral, acid, and basic pH levels These 
extractions gave traces of 2-hydroxybenzothiazole (about 0 1 gm , m p 
137-139°, Hofmann (8), mp 136°) and 2-mercaptobenzothiazole (after 
heating wnth acid), w^hich were identified by meltmg pomt and mixed melt- 
ing point with authentic samples, and by comparison of infrared and ultra- 
violet absorption spectra 

The final portion of this lume, 128 ml , was charged on a 15 X 107 mm 
sluiiy-packed column of activated carbon (Darco G-60) The column w^as 
Avashed with 130 ml of watei, then 150 ml of 0 1 N NaOH, and finally an- 
othei 150 ml of water The ultraviolet absorption of the effiuents indi- 
cated that the metabolic product had been effectively taken up fiom the 
urine, and that httle had been eluted during the w'^ashmg Elution wuth 
95 pel cent ethanol was followed in successive small fractions until the con- 
centration of metabolite in the eluate had fallen by ovei 90 per cent from 
the peak value The eluates w'^ere combined m thiee pools, and each was 
evaporated to a stiff browm gum , total weight, 440 mg 

Ci3'^stalhzation w’^as achieved b}'’ dissoh'’mg the crude material with 2 5 
parts of W'ater and diluting AMth 2 Amlumes of acetone Careful purifica- 
tion of one pool in this AA'ay resulted in lecoAmry of 110 mg of AAlnte cr3’^stals 
^ fiom 203 mg of crude material after thiee precipitations Weight losses 
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on repeated treatment were measured, and, after the product had been 
identified as the sodium salt of the glucuromde of 2-mercaptobenzothiazole 
(molecular weight, 365 3) contaimng 1 molecule of acetone of solvation 
(total molecular weight, 423 4), it was possible to calculate that the crude 
product u as 70 per cent pure On this basis, the 440 mg of 70 per cent 
pure material actually contained 308 mg of metabolic product (acetone 
free) E\trapolation to the total volume of pooled urine indicated that 
1 06 gm V ould have been obtainable by this process, or the equivalent of 
0 63 gm (25 per cent) of the administered sulfonamide 

Male Dog M80, Weight, 14 5 Kilos — ^The same amount of drug was in 
jected in the same ivay The urine was collected fractionwise (0 to 6, 
6 to 24, 24 to 30, 30 to 45 hours) m this case, and each fraction was assayed 
spectrophotometrically The 6 to 24 hour specimen, volume 520 ml, 
contained > 95 per cent of the metabolite excreted The estimated quan 
tity was about 1 1 gm , equivalent to 0 64 gm of sulfonamide or about 
26 per cent of the dose 

Since the original isolation technique appeared to be primarily an adsorp 
tion-elution process, the 520 ml of urine were filtered and stirred with 
successive portions of 3 0, 3 0, 4 0, and 5 0 gm of Darco G-60, to complete 
adsorption The combined Darco adsorbates were washed twice with 
water, vnth an estimated loss of 15 per cent of the metabolite, and were 
then packed in a thick suspension in water mto a 27 X 102 mm column 
Elution with 500 ml of 95 per cent ethanol gave a poor recovery of the me- 
tabolite, along with another substance which had an absorption maximum 
at about 320 m^, subsequently identified as 2-mercaptobenzothiazole 
Since this maximum had not appeared in the spectrum of the untreated 
urine, the data suggested that partial hydrolysis of the glucuromde may 
have occurred on the Darco in this instance 

The column ivas washed wath 40 ml of wmter, then 50 ml of 0 1 n NaOH, 
and a large volume of water Elution was repeated wnth 1300 ml more 
of 95 per cent ethanol Further amounts of glucuromde and of meicapto 
compound ivere obtained, but rough estimates from ultraviolet data indi 
cated that little more than half of the glucuromde in the urine, at the most, 
was accounted for in the total eluate 

The eluate fractions wmre combined m two pools, accordmg to the rela 
tive amounts of glucuromde and mercapto compound m each, and vere 
evaporated The free mercapto compound was first recovered from hs 
pool by redissolving the crude material in a little water, mercaptobenzo- 
thiazole is insoluble, and -was obtained practically pure by filtration and 
washing Yield, 69 mg The glucuromde was recoveied as the acetone 
solvate, as described above Yield, 260 mg These materials together 
are equivalent to 219 mg of administered sulfonamide, or 8 8 per cent o 
the dose 



J ^Y CLAPP 


211 


Chai actenzation of Metahohte — Analytical results (mp 200-205° (cor- 
lected) decomposed) indicated an empiiical foimula 

Ci 6 Hi 8 N 07 S 2 Na Calculated C 45 4, H 4 3, N 3 3, S 15 1, Na 5 4 

Found " 45 0, “ 4 3, “ 3 5, “ 14 8, “ 6 0 (from ash) 

A 2 mg sample of the product was heated m 0 5 ml of 1 n HCl for 0 5 
horn at 100° Cooling gave ivhite needles, m p 181-182° (corrected), not 
depressed by mixtuie with an authentic sample of 2-mercaptobenzothia- 
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Fig 2 Ultraviolet absorption spectra (concentrations unknown) • , the meta- 
bolic product, O, 2-methylmercaptobenzothiazole, Curve A, 2-mercaptobenzothia- 
zole, Curve B, 2-benzothiazolesulfonamide The spectral shift of the metabolic 
product m dilute acid was measured in 1 0 n HCl because no significant shift was 
observed m 0 1 n HCl The methylmercapto compound, on the other hand, showed 
the shift m the more dilute acid, as indicated 


zole, infrared and ultraviolet spectra were identical with those of an authen- 
tic sample 

The supernatant flmd from the hydrolysis gave a negative test with 
Ba++j thus luling out an “ethereal sulfate ” A positive test for glucuronic 
acid was obtamed by the naphthoiesorcmol method (9) A semiquantita- 
tive test foi acetone was carried out by the salicylaldehyde piocedure (10) 
An aliquot of the supernatant fluid calculated to contam about 0 13 mg 
of acetone gave approximately the same color as a control test with 0 1 
nig of acetone (2-Mercaptobenzothiazole and galacturomc acid gave 
negative results at the 1 mg level ) 

The caiboxyl group of glucuronic acid in the product was indicated to 
be unesterified by the piesence of sodium, presumably as the salt of a fairly 
stiong acid, since a water solution was approximate!}'’ neutral An elec- 
tiometiic titiation confirmed the presence of a moderately strong acid 




212 


NEW METABOLITE FROM SULFONAailDE 


(pKa 3 2 to 3 4) , glucuromdes have been found to have pK^ values in the 
range, 3 0 to 4 0 (11) 

E\idence for the thio ether linkage in the pioduct was furnished by the 
close coirespondence of ultraviolet absorption spectra at different pH val 
ues between the metabolic pioduct and an authentic sample of 2-methyl- 
mercaptobenzothiazole (Fig 2) 2-Mercaptobenzothiazole, on the other 
hand, has a much higher piincipal maximum at pH 7 (313 versus 278 ni/i), 
and this does not shift below 308 even at a pH as high as 10 6 It thus 
seems most unlikely that the glueuionic acid lesidue is attached at any 
position other than the 2-meicapto gioup 

It vas hoped that the typical attachment at the C-6 carbon of the glu 
curomc acid could be further demonstrated by a test with Benedict’s rea 
gent before and after acid hydrolysis, since “the ether type (linkage of 
glucuromc acid) is usually stable to alkali and non-i educing to alkaline 
reagents” (12) However, the intact metabolite reacted positively in the 
Benedict test This result was theiefore judged to be due to breaking of 
the thio ether hnkage in the hot alkali 


DISCUSSION 

2-Benzothiazolesulfonamide appears to be degraded by the dog as fol 
lows 


R— SOsNHj R— R—S— CH— (CHOH)5— -CH— COONa 

0 


/\_ 


R 


-N^ 


V 


-S"' 


c— 


The experimental results are believed to provide substantial proof for 
formulation of the metabolic product, as isolated, as the acetone solvate of 
the glucuromde shown 

Reduction of a sulfonamide group in vivo has not been reported in the 
literature to our knowledge, and appears to be a hitherto unrecognized 
metabolic pathway for sulfonamides It should be emphasized that sul 
fonamides of the type studied here are often less stable chemically than 
ordinary aromatic sulfonamides and might be considered more susceptible 
to metabolic alteration as well 

The excretion of a mercapto compound conjugated with glucuronic acid 
is also apparently unreported, although alcohols and phenols are commonly 
handled thus in the body (13) 

The fate of the large fraction of administered drug that was not ac 
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counted for remains unknown, degradation to a form which did not absorb 
in the legion of 200 to 400 mu ould have been unrecogmzed in this work 
The metabolite isolated is apparently produced and excreted at a moder- 
ate rate, being undetectable in the ultraviolet spectrum of the urme after 
24 hours Furtheimoie, there was no evidence for a significant quantity 
of any other metabolic pioduct of the drug m the spectrum of the urme 
at any time up to 48 hours, so that any release from a depot form seems 
unhkely 

Much of this woik was carried out in the laboratory of Dr P H Bell, 
and I acknowledge with pleasure his many helpful suggestions and dis- 
cussions I also gratefully acknowledge the assistance of the Pharma- 
cology Laboratory under Dr T H Maren of the Experimental Therapeu- 
tics Research Section, wheie all of the work on animals and the bioassays 
were carried out, of the Infrared Spectroscopy Group under Dr R C Gore 
for measurement and mterpretation of infrared spectra, of the Micro- 
analytical Laboratory under Di J A Kuck for the microanalyses, and of 
Miss V W Bliss in the ehemical work 

SUMMAET 

When 2-benzothiazolesulfonaniide is admimstered mtravenously to the 
normal dog, it is metabolized, at least in part, to a compound identified as 
the glucuromde of 2-mercaptobenzothiazole The actual fraction of the 
dose converted to this form is uncertam, but no evidence was found m the 
urine for mtact drug or other metabolic products 
Reduction of a sulfonamide and conjugation of a mercapto compound 
with glucuromc acid appear to be previously unrecogmzed metabolic proc- 
esses 
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CHROMATOGRAPHIC FRACTIONATION OF 
BEEF ADRENAL EXTRACT 

I ISOLATION OF ALDOSTERONE 

By VERNON R MATTOX and HAROLD L MASON 

{From the Section of Biochemistry, Mayo Clinic and Mayo Foundation,* 
Rochester, Minnesota) 

(Received for publication, March 2, 1956) 

In previous publications we have described the isolation of a sodium- 
retaming steroid from beef adrenal glands (1) and from the amorphous 
fraction (2) of a beef adrenal extract The sodium-retairung steroid was 
shown to be identical with the aldosterone isolated by Simpson and asso- 
ciates (3) It IS the purpose of this commumcation to describe an improved 
procedure for the isolation of aldosterone Observations on the effect of 
the combmation of sihca gel and certam organic solvents on cortisone and 
hydrocortisone are mcluded, as well as evidence that a monoacetate pre- 
viously described is aldosterone-1 1,18-lactol 18-acetate 

Aldosterone was isolated from two different beef adrenal extracts, one 
bemg prepared by the use of acetone (4) and the other through the use of 
alcohol (5, 6) The acetone^ extract contamed a large amoimt of diacetone 
alcohol and of dark amorphous material which greatly increased the diffi- 
culties of fractionation Chromatography of the oily residue (67 gm ) 
from the acetone extract of 1200 pounds of glands on a column of silica gel 
in formanude-benzene, then on paper m formamide-benzene, and finally on 
paper m propylene glycol-toluene gave 23 7 mg of aldosterone 

The alcoholic extract from 2060 pounds of adrenal glands was almost 
colorless, its dry weight bemg only 7 8 gm Fractionation and crystalliza- 
tion of the mdividual components were much easier m the case of the alco- 

* The Mayo Foundation, Rochester, Minnesota, is a part of the Graduate School 
of the University of Minnesota 

* When the acetone extract of 1200 pounds of glands v as concentrated as far as 
possible at room temperature and about 15 mm pressure, the residue veighed 218 
gm After further concentration at 0 03 mm pressure and 30°, in conjunction vnth 
a receiver cooled with dry ice and methanol, the v eight vas reduced to 67 gm 
The distillate obtained during the latter concentration was identified as diacetone 
alcohol by means of its boiling point and by the melting points and mixture melt- 
ing points of its semicarbazone, p-nitrophenjdhj'^drazone, and 2, 4-dinitrophen> Ih} - 
drazone vith authentic specimens of these derivatives of diacetone alcohol Di- 
acetone alcohol also has been encountered in the fractionation of an acetone extract 
of adrenal glands by Simpson and associates (3) 
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holic extract than of the extract with acetone The fractionation of the 
alcohohc extract is presented in detail 

During experiments designed to miprove the packing of sdica gel columns 
and the resolution of mux-tures of steroids, it was found that the reco-very of 
cortisone and hydrocortisone was pool from columns of sdica gel mth 
formamide and 1 1 chloroform-benzene or columns of sihca gel with form 
amide and benzene In model experiments which simulated the condi- 
tions of column chromatogiaphy, cortisone and hydrocortisone were con 
verted m part to adrenosterone and llj8-hydroxy-A^-andiostene-3, 17-dione, 
respectixely In simdar experiments in which powdered paper was sub 
stituted for sdica gel, no products formed by loss of the side chain from 
cortisone and hydrocortisone were detected 

Smce the primary purpose of this investigation was the isolation of aldos 
terone, conditions were sought which would separate it from the other 
components of the extract In formamide with 1 1 chloroform-benzene, 
aldosterone migrates 0 80 as fast as cortisone on sheets of paper Chroma 
tography of the residue derived from the alcoholic adrenal extract on a 
paper column m the system formamide with 1 1 chloroform-benzene for 
6 days separated aldosterone from all of the major steroids of the extract 
except cortisone The steroids more mobde than cortisone were resolved 
to such an extent that those piesent m moderate quantity (Kendall’s 
Compounds^ A, B, and H and Reichstem’s Substances P and R) could be 
isolated without repeated chromatography The fractions which were 
less mobile than cortisone moved so slowly that it appeared that an un 
usually long time would be required to remove all of the steroids from the 
column In an attempt to accelerate elution of the steroids less mobile 
than aldosterone, the mobile phase was changed from 1 1 chloroform 
benzene to chloroform ^ The change m the composition of the mobile 
phase was made gradually through use of the apparatus described in the 

® The following trivial names are used Compound A (ll-dehydrocorticosterone), 
Compound B (corticosterone), Compound H (3^,21-dihydro\yallopregnane U, 

20- dione), Substance P (3/S,17a,21-tnhj'dro\yallopregnan-20-one), Substance E 
(3;8,ll;8,21-tnh3"dro\yallopregnan-20-one), Compound E (cortisone), Substance K 
(aIlopregnane-3jS, 17a, 20^3, 21-tetrol), Compound F (cortisol). Substance D (3^, 17a, 

21- trih3drox}’'allopregnane'll,20-dione), Compound C (3a,ll/5,17a,21-tetrahydrow 
alIopregnan-20-one) 

’ Unfortunately this procedure caused poor resolution of the steroids which were 
less mobile than cortisone It was determined subsequently by the use of a d)C 
(Sudan III) that in such a procedure the denser chloroform layer tends to run doim 
one side of the column and may transform a narrow horizontal band at the top of the 
column into an oblique band which extends over half the length of the total column 
On the other hand, it was found that, if the mobile phase was changed from chloro 
form to benzene (denser to less dense), a band at the interface moved down the co 
umn very evenly 
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experimental section Chromatogiaphy was continued until 1300 fractions 
had been eluted and until the amount of steioid per fraction, as measured 
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IS not kno^^^x, since, if they had been present, they would not have been 
eluted from the column 

Progress of the fractionation was followed by estimating the content of 
a-ketol in the fractions and plotting this value against the fraction number 
as shown in Fig 1 The contour of the graph was used as a guide in com- 
bining fractions from the column An aliquot of Fraction 405 was cbro 
matographed on a sheet of paper and shown to contain cortisone Assum 
mg that this fraction contained the maximal concentration of cortisone, 
it was estimated that the peak concentration of aldosterone should be m 
Fraction 505 if aldosterone migrates 0 80 as fast as cortisone The weights 
of aldosterone isolated from the various fractions indicate that the peak 
concentration of aldosterone occurred at some fraction earlier than 505 
Individual fractions were combined as follows Fractions 371 to 404, 405 
to 455, 456 to 505, 506 to 575, and 576 to 670 After as much cortisone as 



I II 

Fig 2 



possible was removed from the various lots by crystallization from chloro 
form, the large fractions were chromatographed on sheets of paper inform 
amide-benzene The zones correspondmg in mobility to aldosterone 
were cut out, the steroid was removed by w^ashmg with alcohol, and crys 
tals of aldosterone were obtained from acetone-water After the mother 
liquors were chromatographed, the total aldosterone obtained from the 
2060 pounds of glands was 44 7 mg The total amount of cortisone ob 
tamed from the extract w eighed 776 mg 
The previously described monoacetate (l), m p 217-219'’, nhich vas 
obtained by enzymic hydrolysis of aldosterone diacetate, has been desig 
nated (2) aldosterone-11, 18-lactol 18-acetate (structure I, Fig 2) This 
structure was based on the follownng considerations The diacetate from 
which the acetate (I) was deiived has been formulated as aldosterone 
11, 18-lactol 18,21-diacetate by Simpson and coworkers (3) Since the 
acetate (I) differs from the 21-monoacetate m chromatographic mobility) 
melting point, and sodium-retaining activity, it w as concluded that struc 
ture I must be the 18-acetate unless the enzyme caused some rearrange 



V E MATTOX AND H L MASON 


219 


ment The following observations substantiate structure I The infrared 
spectium^ of the substance in chloroform shows bands at 3500, 1664, and 
1612 cm which are ascribable to the C-21 hydioxyl group, the ketone at 
C-3, and the 4,5-double bond The band at 1746 cm is assigned to the 
acetyl group A band at 1708 cm is ascribable to a carbonyl group at 
C-20 Thus, any structure such as structure III, which has no carbonyl 
group corresponding to the absorption band at 1708 cm is excluded as 
a possibihty Oxidation of the monoacetate with periodate at pH 5 9 
leads exclusively to an acidic substance formulated as structure II 

EXPERIMENTAL 

The solvents used were of analytical grade, and were distilled before use 
The formamide (Matheson, Coleman, and Bell, 99 per cent) was distilled 
at about 15 mm pressure m an apparatus which was designed so that the 
vacuum was not released between the collection of a small fore fi action, 
which always contamed ammoma, and the mam ammonia-free fraction 
When stored m the dark, the main fi action remamed ammoma-free mdefi- 
mtely The powdered paper was Whatman, standard grade, and the silica 
gel was Davison No 922, through 200 mesh Infrared spectra were ob- 
tained with a Perkm-Elmer model No 12C mstrument A spiral mercury 
resonant lamp with a Corex No 9863 filter was used to provide illummation 
at 254 m^i for observmg paper chromatograms and detectmg a,/3-unsatu- 
rated ketones 

Action of Silica Gel on Cortisone and Hydrocortisone — ^The steroids were 
treated under conditions to simulate those used durmg column chromatog- 
raphy The supportmg medium (4 0 gm of sdica gel or powdered paper) 
was mixed with 25 ml of the mobile phase (chloroform-benzene or benzene) 
in a glass-stoppered 50 ml Erlenmeyer flask, and 2 0 ml of formamide were 
added while the suspension was bemg stirred mechamcally The steroid 
(about 5 mg ) was added and the flask was stoppered, shaken by hand for 
several mmutes, and placed m the dark for 5 days The suspension was 
diluted with 200 ml of chloroform and 20 ml of water, shaken vigorously, 
filtered, and washed with 25 ml of chloroform The chloroform solution 
was washed twice mth 20 ml portions of water and taken to dryness in 
vacuo The amount of steroid recovered was estimated fiom the absorp- 
tion at 238 m/i by usmg e = 16,500 as a measure of the 3-keto-A'’ chro- 
mophore, and the amount of a-ketol was estimated through the use of blue 
tetrazohum When cortisone was used, the recovery mdicated by the 
absorption at 238 m^i was 94 and 89 per cent from powdered paper and 
silica gel, respectively, whereas the recovery of a-ketol was 89 and 38 per 

■* We are indebted to Dr R Norman Jones, National Research Council of Canada, 
for the infrared spectrum and its interpretation 



220 


ISOLATION OF ALDOSTERONE 


cent Aliquots of the paper-treated and silica-treated samples of cortisone 
uere chromatographed on paper in foimamide 1 1 cyclohexane-benzene 
for 7 hours The silica-tieated sample contained a substance which moved 
at the same rate as adrenosterone After the mixture was chromato 
graphed in formamide 1 1 cyclohexane-benzene for 10 hours, the zone 
nhich moved at the same rate as adrenosterone was eluted, crystallized 
from acetone-ether, and identified by m p 219-220°, by mixture melting 
point (no depression) with adrenosterone, and by the identity of its in 
flared spectrum m chloroform with that of adrenosterone Another sub 
stance which moved about 0 57 as fast as adrenosterone was present m 
smaller amount In the paper-treated sample, no product movmg faster 
than cortisone was observed 

In a sunilar manner a sample of hydrocortisone was treated with form- 
amide and benzene (without chloroform) on paper and on silica gel for 
5 days The recovery mdicated by absorption at 238 m/i was 97 and 87 
per cent from powdered paper and sihca gel, respectively, the recovery of 
a-ketol was 81 and 9 6 per cent Paper chromatography (formamide mth 
1 1 cyclohexane-benzene, 16 hours) of the product from the silica gel treat- 
ment of hydrocortisone gave an ultraviolet-absorbing zone at 6 5 to 9 6 era 
from the origm The substance extracted from this zone with alcohol 
melted at 196-198° after crystalhzation from acetone-ether It did not 
depress the meltmg point of ll/3-hydroxy-A^-androstene-3,17-dione, and 
its mfrared spectrum m chloroform was identical with that of ll/J-hydroxy- 
A^-androstene-3 , 17-dione 

Adrenal Extract — ^An extract prepared from 2060 pounds of beef adrenal 
glands by the procedure of Kendall (5, 6) had been stored at 4° m aqueous 
solution contaimng 0 1 per cent sodium chloride m daik bottles for 5 years 
There was no mold present and the solution was practically colorless 
Bioassay of an ahquot m adrenalectomized rats® indicated the presence of 
about 35 mg of aldosterone The solution was concentrated vn vacuo at 
room temperature to 6 4 liters and extracted five times with 0 1 volume of 
chloroform and twice with 0 1 volume of ethyl acetate The orgamc solu 
tions were washed twice with 0 04 volume of water, combmed, and evap 
oiated to dryness in vacuo, total weight = 7 87 gm The residue gave 
crystals at — 18° from 14 ml of chloroform Recrystallization of the prod- 
uct from acetone gave 176 mg of material, m p 212-218°, which was 
identified as cortisone by means of an mfrared spectrum in Nujol and of 
a mixture melting point The filtrates w^ere taken to dr 3 mess to yield / 
gm of residue, which was dissolved m 6 0 ml of 1 1 chloroform-benzene 
and chromatographed 

® We are indebted to Dr A Albert for this assaj^ Determinations of sodium 
potassium were made bv Louise Reichrath 
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Packing Column with Paper — ^Powdered paper (1285 gm ) was added 
slowly to 11 liteis of a 1 1 mixture of chloioform and benzene saturated 
with formamide, winch was being stirred vigorously To the suspension 
were added 642 ml of ammoma-fiee formamide ovei a period of several 
mmutes with vigorous stiiimg The suspension was stiried until it ap- 
peared to be uniform The stopcock of a 6 2 X 100 cm column v as lu- 
bricated with formamide, the column was half filled with mobile phase 
(1 1 chloioform-benzene satuiated with formamide), and a small wad of 
cotton was placed at the bottom of the colimm An aliquot of the suspen- 
sion of paper, sufhcient to give a layer about 0 3 cm high after packmg, as 
added, dispersed evenly, and packed tightly with a Howard and Martin 
type packer (7), which was 1 mm smaller m diameter than the column 
Particular care was taken to have the column vertical and to pack the 
layers evenly and tightly The column was packed to a height of 88 5 
cm and 1008 gm of the powdered paper were used The mobile phase, 
which had passed through the column, was slightly j’^ellow and contamed 
76 mg of sohds per hter after being washed with water and concentrated 
to dryness, it was discarded The colurmi was tested by applying 50 mg 
of Sudan III m 5 0 ml of mobile phase while the solvent flowed from the 
column at the rate of 1 55 ml per irunute = 0 052 ml per sq cm per imn- 
ute Fractions (21 2 ml each) were collected at intervals of 13 7 minutes, 
and the band was eluted m Fractions 53 to 67, which represent 23 per cent 
of the volume which had passed through the column 

Fractionation of Adrenal Extract — While the mobile phase was runnnig 
through the column at 1 64 ml per minute and the hqmd was ]ust level 
with the top of the paper column, the 7 70 gm of extract in 6 0 ml of mo- 
bile phase (1 1 chloroform-benzene saturated with formamide) were added 
After the surface of the solution had descended to just beloAV the level of 
the paper, several small portions of mobile phase were added to the top of 
the column to wash all of the extract mto the paper Mobile phase was 
added to a level of about 6 cm above the colunm of the paper, a wad of 
cotton was added to prevent the entering hqmd from disturbing the sur- 
face, and a source of mobile phase was piovided in a stoppered separatory 
funnel Fractions which measured 22 6 ml each were collected at mterv’-als 
of 13 75 mmutes 

Progress of the chromatography was followed by deteiminmg the amount 
of a-ketol in appropriate fractions Aliquots (0 10 ml ) were removed® and 
diluted with 0 7 ml of 95 per cent ethanol, 0 20 ml of 0 2 per cent ethanohc 
blue tetrazohum, and 0 50 ml of 0 10 n ethanohc cholme The solution 
was mLxed after each addition A blank and a standard which contained 

^ The aliquots from the more concentrated fractions had to be diluted inth mo- 
bile phase before they were mixed -nith the other reactants 
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10 T of cortisone were lun simultaneously After 15 mmutes at room tem- 
peratuie, the optical density was read at 530 mp on a Coleman junior spec 
trophotometer The graph m Fig 1 shows the amount of a-ketol, e\ 
pressed as mg of cortisone per fraction, plotted against the fraction 
numbei 

After 601 fractions had been collected, the mobile phase uas removed 
from the top of the column A change m the composition of the mobile 
phase was provided through the use of two 500 ml separatory funnels' 
To one funnel (A) were added 400 ml of 1 1 chloroform-benzene, which 
was saturated with formarmde The stem of the other funnel (B), which 
had its stopcock closed, was mtroduced into Funnel A through a tight fit- 
ting rubber stopper m the neck of Funnel A Funnel B was completely 
filled wnth chloroform saturated with formamide, and the stopper vas 
introduced and sealed with a few drops of formamide The jomed funnels 

ere then placed at the top of the column through a loose fittmg stopper, 
and the stopcocks were opened After 5 hours. Funnel B was refilled with 
chloroform saturated with formamide After 9^ hours, the mobile phase 
entermg the column contamed about 94 per cent of chloroform, the mobile 
phase was removed from the top of the column and replaced with formam 
ide-saturated chloroform For Fraction 695 and thereafter, 0 10 ml of 
chloroform saturated with formanude was used m the blank and m the 
cortisone standard for a-ketol determmations 

Combining of Fractions — ^Individual fractions were combmed and treated 
soon after they had been eluted Fractions which contamed cortisone or 
aldosterone or both were combmed® as follows 371 to 404, 405 to 455, 456 
to 505, 506 to 575, 576 to 670 

The combined fractions were concentrated® in vacuo to oily residues 
Each residue was dissolved m 500 ml of chloroform, and the solution was 
w'ashed with 50 ml of water The aqueous wash was extracted twice 
with 50 ml portions of chloroform and the orgamc phases were combmed 
The chloroform solution was washed twice more with 50 ml portions of 
ivater and concentrated to an oil in vacuo and several small added portions 
of methanol were removed The combmed fractions were stored at 4° m 
methanol 

Aldosterone Zone— Fractions 371 to 404 yielded 125 mg of cortisone from 
cold chloroform. Fractions 405 to 455 and 456 to 505, with similar treat 

’’ The use of this apparatus was suggested by Dr W J Haines and Dr R E 
Knauff 

® The remaining fractions were combined as follows 54 to 101, 102 to 145, 146 to 22o, 
226 to 370, 671 to 800, 801 to 1000, 1001 to 1130, 1131 to 1300 Separation of crystal 
line compounds from these fractions will be described in a subsequent paper 

® For the combined Fractions 801 to 1000 and higher, the preliminary concen 
tration to dryness before washing with water was omitted 
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ment, gave 321 and 114 mg of cortisone Ciystallization of Fractions 576 
to 670 gave 10 3 mg of product, m p 160-164°, which subsequently was 
shoAvn to be Reichstem’s Substance K Fractions 506 to 575 and the fil- 
trates from the fractions which yielded cortisone and Substance K v ere then 
chromatographed^” sepaiately on 40 X 55 cm sheets of Whatman No 1 
washed paper (1 4 to 1 7 mg of steroid per cm vidth of paper) m a Chro- 
matocab m formamide-benzene foi 100 hours A 40 7 sample of cortisone 
was mcluded at the edge of each laige sheet of paper as a standard The 
chromatograms vere dried m an air current, observed very briefly under 
254 mu illumination, and marked The area contairung substances v hich 
moved about 0 65 times the rate of the coitisone standard, which reduced 
tetrazohum (as shown by a test stiip) and which appeared dark under 254 
mju fllununation, was cut out and eluted with ethanol The solvent was 
removed and the lesidue in chloroform was washed vith watei The 
chloroform was removed m vacuo and crystals weie obtained from a small 
volume of aqueous acetone The followmg weights of crystals, vhich 
melted over a range of a few degrees at about 115°, solidified and remelted 
at about 157°, were obtamed Fractions 405 to 455, 0 7 mg , 456 to 505, 
24 6 mg , 506 to 575, 10 7 mg , 576 to 670, 0 7 mg , no aldosterone vas 
found m Fractions 371 to 404 After the aldosterone mother liquors from 
Fractions 405 to 670 were chromatographed in propjdene glycol-toluene on 
paper for 112 hours, an additional 20 6 mg of ciude aldosterone were ob- 
tamed Rechromatography of the cortisone zone of the formamide-ben- 
zene chromatograms yielded 40 mg of cortisone but no aldosterone 

Recrystalhzation of the vaiious crops of crude aldosterone from acetone- 
water gave 44 7 mg of purified material (36 0 mg, mp 115-120° and 
155-162°, 8 7 mg , m p 120-125° and 163-167°) The infrared spectrum 
of the compound m chloroform was identical vith that of aldosterone 

The total cortisone isolated in Fractions 371 to 575, inclusive, amounted 
to 600 mg , the 176 mg which were crystallized fiom the whole extract 
before chiomatography make the total yield 776 mg It was identified by 
means of its melting point, chromatographic mobility, and infrared spec- 
trum 

Penodate Oxidation of Aldosterone-11 ,18-lactol 18-Acetate — To 50 7 of 
aldosterone-11 , 18-lactol 18-acetate m 0 5 ml of methanol, vas added 0 5 
idI of periodate solution (The solution was prepared by dissolving 4 00 
gm of HsIOe m 70 ml of water, addmg 17 5 ml of 1 0 n sodium hydroxide 
solution, and dilutmg to 100 ml vuth water A small amount of j^ellow 
precipitate formed, the pH of the solution was 5 9) After 18 hours the 
solution was concentrated to about 0 3 ml in a stream of carbon dioxide , 

The technique of wetting the papers and running the chromatograms is out- 
lined (2) 
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5 ml of ethyl acetate were added and the solution was washed three times 
w ith 0 3 ml of water The organic phase ivas cooled to 4° and quickly 
Mashed tliiee times Muth 0 3 ml poitions of ice-cold 1 0 n aqueous sodium 
carbonate solution The ivashmgs u ei e collected in a flask ivhich contained 
3 ml of ethyl acetate and 1 0 ml of 1 0 n hydrochloric acid The ethjl 
acetate phase, Mhich had been washed with sodium caibonate, should 
contain the neutial steioids It ivas washed twice ivith watei, and taken 
to dryness and chiomatographed on paper m formamide-chloroform until 
the solvent front reached the bottom of the paper No dark spot nas 
obseived when the paper ivas examined under 254 m/x illumination The 
ethyl acetate extiact of the acidified sodium carbonate washmgs was washed 
three times with water, the orgamc phase was taken to dryness, and the 
residue u^as chromatogiaphed on papei in formamide-chloroform until the 
solvent fiont i cached the bottom of the papei The paper was examined 
under 254 mp illumination and a dark spot with Rf = 0 48 was observed, 
on the same papei, 3,11-dioxo-A^-etianic acid had Rf = OZQ Under the 
same conditions of oxidation and chromatogiaphy, aldosteione {Rf = 0 38) 
gave a neutial fraction (the 18,20-lactone) with Rf = 0 85 and no detect 
able acidic fi action 


SUMMARY 

Cortisone and hydrocortisone were unstable in the presence of silica gel 
undei conditions w^hich imtially weie used for chromatography Adren 
osterone and 1 l|3-hydro\y-A'‘-androstene-3 , 17-dione, respectively, were the 
major products formed Substitution of powdered paper for silica gel led 
to satisfactory recovery of cortisone and hydrocortisone 

An alcoholic extract of 2060 pounds of beef adrenal glands wms frac 
tionated on a column of pow^dered paper in foimamide ivith all mixture 
of benzene and chloroform This procedure served to separate cortisone 
and aldosterone from the other major constituents of the extiact Ciys 
talhzation of the mixture from chloroform removed most of the cortisone 
Chromatographj'^ of the mother liquor on sheets of paper in foimaraide with 
benzene seiwed to separate the remainder of the cortisone from the aldo 
sterone The extiact from 2060 pounds of glands yielded 776 mg of corti 
sone and 44 7 mg of aldosterone 

A previously described aldosterone acetate, m p 217-219°, which is 
different from the 21-acetate, m p 193—195°, is formulated as aldosterone 
11,18-lactol 18-acetate This structure is supported by the infrared spec 
trum and by the formation of an acidic substance by oxidation wath periodic 
acid 

The authors wish to acknowledge the technical assistance of Robert C 
Smith 
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THE EFFECT OF DIISOPROPYL FLUOROPHOSPHATE ON THE 
PROTEINASE AND ESTERASE ACTIVITIES OF THROMBIN 
AND ON PROTHROMBIN AND ITS ACTIVATORS* 

By ICENT D miller and HELEN Van VUNAKIS 

{From the Division of Laboratories and Research, New York State 
Department of Health, Albany, New York) 

(Received for publication, February 6, 1956) 

Diisopiopyl fluorophosphate (DFP) has been shown to inhibit a number 
of esterases (1, 2) and certam proteolytic enzymes possessmg esterolytic 
activity (3) Balls and Jansen (4) have reported extensively on the stoi- 
chiometric nature of the reaction of DFP with chymotrypsin and trypsin, 
and the chenucal composition of the enzymic centers with which DFP 
combines (5, 6) is under study m several laboratories 
Smce the proteolytic nature of thrombm has been demonstrated m ex- 
peiiments which show the release of peptide material from fibrinogen (7, 8) 
and the fibrm clot (9), and its esterolytic role revealed by its activity in 
hydrolyzmg esters such as p-toluenesulfonyl-L-argimne methyl ester (10), 
it seemed of mterest to determine whether DFP would inhibit this pio- 
tease-esterase The results reported here show that DFP does mhibit the 
proteolytic and esterolytic activities of citrate-thiombin and biothrombin 
but has no efi^ect on its precursor, prothrombin, oi on the biological ac- 
tivators of prothrombm Small amounts of DFP completely blocked the 
autocatalytic activation of prothrombin m 25 per cent sodium citrate 
solution 


Materials and Methods 

Purified Prothrombin — Purified prothrombin was prepaied from bovine 
plasma by the methods of Seegers et al (11, 12) The preparations con- 
tained no detectable thrombin activity The average pi othrombm product 
contained about 150 mg of protem in a volume of from 15 to 25 ml The 
aveiage specific activity of these preparations was 23,000 units per mg of 
tyrosine (Folm and Ciocalteu) or 1400 umts per mg , dry v eight Prep- 
arations of such specific activity are reported to be homogeneous m the 
ultracentrifuge (13) 

Citrate-Thrombin — ^Thrombin was prepaied from purified prothrombin 

This Investigation was supported in part b}' the Research and Development 
Division, Office of the Surgeon General, Department of the Armj , under contract 
No DA-49 007-MD-647 A preliminarj’' report of the findings vas presented before 
the Fifth Annual Syraposiam. on Blood at Detroit, Michigan, January 21, 1956 
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samples hy being activated in 25 per cent sodium citrate solutions at 37“ 
until the reactions vere 90 to 100 per cent complete In some mstances, 
the activations v ere accelerated by seeding the solutions vnth small quan 
titles of tlirombm and addmg a few crystals of 6-methyl-2,4,4'-tnamiiio 
diphenyl sulfone (14) After activation, each solution was diluted to 50 
ml vith distilled water, and the thrombin was precipitated by addmg 
ammonium sulfate until the solution was 66 per cent saturated The pre 
cipitate V as dissolved and dialyzed against distilled water These throm 
bin preparations are designated as “citrate-thrombm” (13) 

Biologically Activated Thrombin— A. 5 0 ml sample contauung 75,000 
units of prothiombm was activated by addmg 2 5 ml of bovme lung throm 
boplastm suspension, 1 9 ml of 0 15 m CaCl 2 , 0 5 ml of iimdazole buffer, 
pH 7 2, and 0 1 ml of bovme serum previously adsorbed with banum car 
bonate The activation process converted only 68 per cent of the pro 
thrombin to thrombm and resulted in a product of low specific activity as 
compared to the citrate-thrombm materials prepared as described above 
After centrifugation to remove the thromboplastm suspension, the throm 
bin was precipitated at 66 per cent ammonium sulfate saturation and the 
dissolved precipitate dialyzed Thrombin prepared m this manner is des 
ignated as “biothrombin” (13) 

Diisopropyl Fluorophosphate — DFP was kmdly contributed by Dr Ber- 
nard J Jandorf of the Army Chemical Center, Maryland, and by Dr 
Robert Sterner of Merck and Company, Inc , Rahway, New Jersey Dilu 
tions were made in anhydrous isopropanol 
Prothrombin Determinations — Prothrombin concentrations were meas 
ured by the modified two-stage method of Ware and Seegers (15) The 
prothrombin sample is first diluted to a low concentration and then ac 
tivated by ionic calcium, tissue thromboplastm, and an accelerator source 
The lugh dilution is important m reducing mhibitory effects The pro 
thrombm umt is that amount of precursor which yields 1 unit of thrombin 
Thrombin Determinations — Thrombm was determmed according to the 
method of Waie and Seegers (15) The enzyme solution was diluted until 
it contained 1 “Iowa unit’' per ml , i e , the amount of thrombm which 
clots 1 0 ml of a standard fibrinogen solution m 15 seconds 
Esterase Activity The ability of thrombm to split the ester Imkage of 
the synthetic substrate, p-toluenesulfonyl-L-argmme methyl ester, thus 
jueldmg a free carboxyl group, was employed as a measure of the esterol}^!^ 
activity of the thrombm The procedure followed was that of Sherry n^d 
Troll (10), which defines the substrate umt as the number of nucromolcs 
of acid liberated m 10 minutes under standard conditions The citrate 
thrombm preparations described above contained 6 7 clottmg umts per 
substrate umt 
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Miscellaneous Reagents — A suspension of beef lung thromboplastin was 
prepaied accoiding to the procedures of Ware and Seegers (15) Bo- 
vine serum adsorbed with barium carbonate served as a prothrombin-free 
source of accelerator for the biological conversion of prothrombin Imi- 
dazole buffer was prepared accordmg to Mertz et al (16) Acetate, phos- 
phate, Veronal, and glycine buffers of constant lomc strength were pre- 
pared by the methods outlmed by Miller and Golder (17) 

EXPERIMENTAL 

Effect of Diisopropyl Fluorophosphate on Purified Prothrombin — To each 
of four tubes was added 1 0 ml of purified prothrombm solution m 0 15 m 
sodium chloride, contaimng 6000 prothrombm units and 0 64 mg of pro- 
tein mtrogen, and also 0 5 ml of 0 1 n irmdazole buffer, pH 7 2, and 0 4 
ml of 0 15 M sodium chloiide 0 1 ml of anhydrous isopropanol was added 
to each of two of the tubes and 2 7 X 10“^ mmoles of DFP m 0 1 ml of 
isopropanol to the two remaimng tubes All solutions were mamtamed 
in a water bath at 37° The prothrombm concentrations were measured 
at mtervals throughout a 24 hour period Since the two-stage prothrom- 
bin determmations mvolve the dilution of these solutions 2400 tunes at the 
moment they are activated to thrombm, the effectiveness of DFP on the 
thrombin formed durmg analysis is greatly reduced by the dilution After 
24 hours incubation with DFP and isopropanol, all of the origmal pro- 
thrombm activities were still measurable, mdicating that DFP had no ef- 
fect on the precursor 

Inhibition of Thrombin by DFP — ^After prehmmary experiments which 
indicated that DFP mhibits thrombm, quantitative relationships between 
the amount of DFP and the degree of inhibition were studied The in- 
hibiting effect of DFP was measured not only upon the clotting activity 
of the thrombin but also upon its esterase activity, p-toluenesulfonyl-L- 
aiginme methyl ester bemg used as substrate Both citrate-thrombm and 
biothrombm preparations were employed as substrates for the inhibitor 
These preparations were adjusted to contain 2640 clotting units and 395 
synthetic substrate umts per ml The enzyme solvent was 0 15 m sodium 
chloride and was 0 01 n with respect to imidazole buffer, pH 7 2 The 
solution of citrate-thrombin contained 0 33 mg of protein nitrogen per ml 

The thrombm solutions were distributed in 1 0 ml volumes among a 
senes of tubes and brought to 25° 0 1 ml volumes of isopropanol con- 

taining varymg amounts of DFP, or isopropanol alone, were added Sub- 
sequently, the thrombin levels were followed by periodic analyses Clot- 
ting and esteiase measurements were made by vuthdraving 0 1 ml 
samples and immediately diluting them in 0 15 m sodium chloride, thus 
slowing the inhibition leaction, and then assa 3 '’mg In 2 3 X 10“^ m DFP, 
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the reaction as first order with respect to thrombin inhibition This as 
not the case in the more dilute DFP solutions Fig 1 shows the variation 
in the degree of inhibition of the clottmg and esterase activities of the cit 
rate-thiombin after 15 mmutes mcubation with varying amounts of DFP 
Both enzj^mic activities were affected to the same extent as the DFP con 
centration was increased In 15 mmutes, 50 per cent of each enzymic 



- LOG DFP CONCENTRATION 

T inhibition of the clottmg and esterase activities of citrate-thrombin 

nitial thrombin concentration is 2400 units per ml m 0 15 m NaCl which is 0 01 -s 
with respect to imidazole buffer, pH 7 2 Protein nitrogen, 0 30 mg per ml , initial 
es erase concentration, 360 p-toluenesulfonyl-n-arginme methyl ester units per ml , 
temperature, 25°, reaction time, 15 minutes 


activity was neutralized m 2 X 10-‘ m DFP Similar DFP inhibition 
curves were obtamed for the clottmg and esterase activities of biothrombin, 
although the latter was less pme than the citrate-thrombin Half m 
nibition of the biothrombin was obtamed mix 10-* m DFP after 15 nan 
utes mcubation ^ 


e\penment was carried out to determine whether phosphorus i 
taken up bj prothrombin, thrombin, or heat-denatured thrombin A deBnite up 
take was observed with citrate-thrombin but not with either of the other two pro 
1 o present significant quantitative data relating the moles of DFP coupled to 
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Optimal pH for DFP-Thrombin Reaction — Solutions of citrate-thrombin 
were prepared in a series of buffers acetate at pH 5 2, phosphate at pH 
6 0 and 7 1, Veronal at pH 8 2 and 9 0, and glycine at pH 10 1 Thrombin 
IS stable within the pH range covered (19) The lomc strength of each 
buffer was 0 10 and the thrombin concentiations were constant at 1750 
clotting units per ml To 1 0 ml samples was added 0 1 ml of either iso- 
propanol or 3 X 10“^ m DFP m isopropanol After 15 mmutes at 25°, the 



Fig 2 Influence of pH on the inhibition of citrate-thrombin by DFP Initial 
thrombin concentration is 1600 units per ml Initial DFP concentration is 2 7 X 
10~< M, ionic strength of all buffers, 0 10, temperature, 25°, reaction time, 15 minutes 

clotting activities of the mixtures were measured and the degrees of in- 
hibition calculated The results appear in Fig 2 It is obvious that the 
quantitative interaction between DFP and thrombin is dependent on pH 
This effect is most marked between pH 6 and 8 under the conditions of 
this experiment No inhibition was noted at pH 5 2, the inhibiting effect 
was maximal from about pH 8 to 10 

a mole of thrombin, the pure enzyme must be available Since it is known that cit- 
rate-thrombin, although prepared from pure prothrombin, contains a mixture of ac- 
tive and inactive proteins (18), the stoichiometric studj of this reaction must await 
a homogeneous thrombin preparation 
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Foi quantitative studies vhich relate the amount of DFP to the amount 
of thiombin inhibited, pH 7 2 was selected because coagulation studies aie 
made routinely at this pH The sensitivity of the enzyme foi the in- 
hibitor could have been increased sigmficantly if the coupling reaction had 
been earned out fiom about pH 8 to 10 

Effect of DFP on Autocatalyhc Activation of Purified Prothrombin in 25 
Per Cent Sodium Citrate Solution — ^The autocatalytic activation of pro 
thrombin to thrombin in 25 per cent sodium citrate solution has been de 
scribed as proceedmg m two steps (20) The fiist is the formation of an 
inactive deiivative plus trichloioacetic acid (TCA)-soluble materials The 
second phase is the autocatalytic generation of thiombin This leaction 
was studied in the presence of DFP to deternune whethei a dissociation of 
the piothrombm molecule actually took place because of the high salt 
concentration or whethei traces of thiombin activity accounted for the 
obseived lesults 

A sample of protem contaimng 564,000 prothiombin units in a volume 
of 40 0 ml was cooled to 0° It was then divided into two equal poitions 
and 2 5 gm of dry, powdered sodium citrate were added to each 0 1 ml 
of an anhj’-dious isopropanol solution contaimng 27 X 10“- mmoles of 
DFP was added to one tube (A) and 0 1 ml of isopropanol was added to 
the control tube (B) An additional 2 5 gm of sodium citrate were then 
added to each solution 2 ml samples were periodically vithdravTi from 
each tube and a fraction was analyzed for piothiombin and thrombin ac 
tivit}’- The lemamdei was precipitated at 12 pei cent TCA Both the 
supernatant flmds and precipitates of the TCA fractionation weie analyzed 
for nitrogen (Kjeldahl), tyrosine (Folm and Ciocalteu), and caibohydrate 
(anthione leagent) At 6 hour mteivals, 0 05 ml of DFP (1 4 X lO'" 
mmoles) was added to tube A to replemsh the DFP that may have hy 
drolyzed 

The results of these experiments aie shovm m Fig 3 No TCA-soluble 
material was released in a system with DFP present, and the prothrombin 
actmty v as completely stable The control experiments without the m 
hibitoi demonstrated the formation of TCA-soluble mateiial, the disap 
pearance of piothrombic activity, and the formation of thiombin The 
results observed in the contiols could be attributed only to the presence of 
thrombm This reaction appeals to be autocatalytic and ivill be dis 
cussed later 

Effect of DFP on Biological Activators of Prothrombin — The compkk 
inhibition of the activation of prothrombin m 25 per cent sodium citrate 
having been demonstrated, the following experiment was designed to deter- 
imne v hether the inhibitor affects a mixture of biological activators, m 
cludmg calcium ions, tissue thromboplastin, and dilute serum Seien 



K D MILLER AND H VAN VUNAKIS 


233 


tubes, contammg a system of biological activators m the proportions given, 
were placed in a water bath at 37° (a) 0 15 m CaClj, 0 5 ml , (6) 0 1 n 



Fig 3 Incubation of purified prothrombin in 25 per cent sodium citrate solution 
with and without DFP Upper section changes in prothrombin and thrombin ac- 
tivities Lower section the same experiment, indicating changes in the nitrogen and 
carbohydrate components of the TCA-soluble fraction Temperature, 37°, initial 
volume, 20 0 ml , initial prothrombin concentration, 15,000 units per ml , initial ni- 
trogen concentration, 1 3 mg per ml , initial DFP concentration, 1 4 X 10“^ m The 
heavy lines represent the DFP present, the light lines, the DFP absent Solid 
circle, prothrombin, open circle, thrombin, solid circle with cross, TCA-soluble 
nitrogen, open triangle, TCA-soluble carboh}'^drate, arrow, 14 X 10“- mM DFP 
added in 0 05 ml volume (or 0 05 ml of isopropanol in the controls) 

mudazole buffer, pH 7 2, 0 5 ml , (c) suspension of thromboplastin of 
lung, 0 5 ml , (d) accelerator seium diluted 1 50 in 0 15 m NaCl, 0 3 ml 
To five of the tubes ivere added 0 2 ml volumes containing 1 8 X 10~- 
ninioles of DFP To the lemaimng tivo tubes was added 0 2 ml of iso- 
piopanol All tubes iveie returned to the water bath except one which 
contained isopropanol To this activator mixtuie was added 1 0 ml of a 
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solution containing 5250 units of prothrombin m imidazole-buffered saline 
(1 volume of 0 1 N imidazole buffer, pH 7 2, to 3 volumes of 0 15 m NaCl) 
The activation of the prothrombm was followed by periodic determinations 
of thrombin After 1, 4, 8, 16, and 40 hours at 37°, tubes contauung the 
activator-DFP mixtures were removed from tbe water bath and 1 0 ml of 
the same prothrombm solution was added Agam the generation of throm 



Fig 4 Activition of purified prothrombm following incubation of the biological 
activators in 9 X 10~^ m DFP The figures on the curve denote the number of hours 
that the biological activators remained in contact vuth DFP 

bm was followed by analysis At 42 hours, the last activator-isopropano! 
mixture was removed and its prothiombm-activatmg capacity tested 
The results of the experiment are depicted m Fig 4 
The prolonged incubation of the activator nuxtures was necessary te 
complete the hydrolysis of excess DFP which would inhibit the neiily 
generated thrombin The activator samples withdrawn before the hv 
drolysis of DFP was complete e 1, 4, 8, 16 hours) showed a partial, then 
increasing, ability to activate prothrombm The secondary inhibition o 
thrombm observed durmg these periods was due to the mactivation of ® 
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newly formed enzyme by residual traces of DFP At 40 hours, the bio- 
activators exposed to DFP were as capable of activatmg prothrombm as 
those activators which had not been m contact with the inhibitor Here, 
apparently, the hydrolysis of DFP was complete and there was no second- 
ary inhibition leaction after thiombm generation ^ 

DISCUSSION 

DFP was found to be without effect on piothiombm even when excessive 
amounts of the mhibitor were used (6000 prothrombm units m 1 35 X 10~^ 
M DFP) On the other hand, thrombin was rapidly mactivated by DFP 
At pH 7 2, a thrombm solution contaimng 2400 umts per ml had a half 
life of 15 nunutes m 2 X 10“^ m DFP The prothrombm-thi ombm system 
resembles chymotrypsmogen-chymotrypsm m its reaction with DFP m 
that the precursor is non-reactive toward DPP while the enzyme is m- 
hibited (3) This is of practical value in that prothiombm preparations 
can be saved from the deleterious effects of conta min ating thrombm 
Both the proteolytic and esterolytic activities of thrombm are inhibited to 
the same extent by equal amounts of DFP (Fig 1) as aie those of chymo- 
trypsm, suggestmg that a common centei may be mvolved m both activi- 
ties 

The reaction between thrombm and DFP is dependent on pH, as is the 
case with chymotrypsm and trypsm The optimal pH for the coupling 
reaction, ivithm the range of pH stability of the enzyme, appears to be 
between pH 8 and 10 In contrast, certam other esterases (1) are not 
dependent on pH for the DFP reaction 

Accordmg to the method used to activate prothrombm, several types of 
active thrombm can be formed Among them are biothrombin and citrate- 
thrombm, ivhich differ m their molecular weights, sugar content, etc (13) 
DFP mhibits the clottmg and esterase activities of the thrombins formed 
by either method of activation Smce citrate-thrombm preparations, al- 
though derived from physicocheimcally homogeneous prothrombm, are 
known to contam more than one active molecular species (13, 18), it is 
interestmg to note that DFP does not discrumnate among them Ap- 
parently, the active moieties differ m the non-essential portions of their 
molecules 

When homogeneous thrombin preparations become available, the stoi- 
chiometric nature of the reaction may be studied by usmg isotopic DFP 
Radioactive DFP-P^s^ combmed with the newer techmques of peptide 
fractionation, promises to elucidate the chemical structure of the enz 3 ^mic 

° Just as Jansen et al (21) have used the inhibition of chiTnotriTisin for following 
the hj'drolysis of DPP preparations, the inhibition of thrombin has been used to in- 
dicate the strength of DFP solutions 
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center which reacts Bath DFP Serine phosphoric acid containing has 
recently been isolated from digested dusopropylphosphoryl 
trypsm (5) Other evidence suggests that the inudazole nucleus may be 
mvolved as an mtermediate m the phosphorylation process (6) 

The activation of purified piothrombin m 25 per cent sodium citrate 
solution has been studied extensively by Seegeis and his coworkers The 
activation was shown to take place at lower rates m lower citrate concen 
trations The activation occurred with other salts and apparently the 
polyvalent amon ivas the most important factor m acceleratmg the actm 
tion piocess Chloride appeared to be meffective m activatmg prothrora 
bin (22) Further investigations by the Seegers group mto the reaction of 
prothrombin m 25 per cent sodium citrate mdicated that considerable 
amounts of carbohydrate, mtrogen, and tyrosme were released mto the 
TCA-soluble fraction m an early stage when the prothrombm was con 
verted to an inactive derivative of lower molecular weight Thrombin 
appeared in a second phase as a result of the autocatalytic activation of 
the prothrombm derivative (20) As shown m Fig 4, it is possible to sta 
bilize prothrombm dissolved m 25 per cent sodium citrate by addmg DFP 
Neither the release of TCA-soluble material nor the formation of an inert 
prothrombm derivative was observed All of the prothrombm activity re 
mamed after 36 hours m the citrate-DFP solution With DFP, thrombin 
was irreversibly mactivated and, m the citrate activation mixtures, its 
level remained undetectable Evidently the activation of prothrombm in 
the 25 per cent sodium citrate solutions is entirely autocatalytic The 
dissociation phase may actually represent the fiist stages of hydrolysis m 
which small amounts of thrombm either become hyperactive or act upon 
bonds made more susceptible by the high lomc strength of the medium 
The high ionic strength does not of itself dissociate the parent molecule 

SUMMARY 

1 Thrombin was rapidly mactivated by very low concentrations of 
diisopropyl fluorophosphate (DFP) Prothrombin was unaffected even by 
excessive amounts of the inhibitor The inhibition of the enzymic activi 
ties w'as observed, ivhether thrombin wms produced by the bioactivation of 
prothrombm or by autocatalytic generation in high concentrations of 
sodium citrate 

2 Both the esterolytic and proteolytic activities of thrombin were af 
fected equally by any given amount of inhibitor, suggesting that a com 
mon center may be mvolved m both activities 

3 The couphng reaction betv'^een tiirombin and DFP is highly dependent 
upon pH wath a maximal reaction between pH 8 and 10 
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4 A system of biological activators of prothrombin (^ e thiomboplastin, 
seium acceleratois, and ionic calcium) was unaffected by DFP 

5 The activation of prothrombin in 25 per cent sodium citrate solution 
IS completely blocked m the presence of DFP, estabhshmg further the 
strict necessity foi the piesence of active thrombin in this activation 
process Prothrombin activity m 25 per cent citrate plus DFP solution 
was completely stable and no dissociation phase, that is formation of 
trichloroacetic acid-soluble products, was observed 
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The use of sulfate of exogenous origin in the synthesis of chondroitin 
sulfate was suggested (1) and then demonstrated by the isolation of chon- 
droitin sulfate-S^^ from the cartilage of rats given sulfate-S^® (2, 3) Con- 
firmatory reports have supplemented the earher observations (4, 5) 
Autoradiography has been particularly effective in showing that adimn- 
istered sulfate-S^® is concentrated to a greater extent in regions which have 
a high acid mucopolysaccharide concentration (6-21) than in regions in 
which the concentration of such polysaccharides is low or m which they 
are absent Results of experiments m which tissue cultures (22) and 
cartilage shces (23, 24) were used strongly suggest that the incorporation 
of sulfate into chondroitin sulfate is enz 3 Tnatically controlled It is 
likely that the reverse reaction, namely, the hydrolytic cleavage of the 
sulfate group from chondroitin sulfate, is similarly affected However, 
the presence m mammahan tissues of an enzyme to catalyze such a re- 
action has not been demonstrated 

The following is a report of the fate of the sulfate group of chondroitin 
sulfate-S^® when the latter is admimstered to rats by stomach tube or by 
intraperitoneal injection 


EXPERIMENTAL 

Adult male rats of the Sherman strain were used Their average body 
weight was 310 gm , the range 290 to 330 gm They were provided with 
Purina dog biscuits at all times except when urine was being collected 

In one set of experiments each of three rats received by stomach tube 
3 3 mg of sodium sulfate-S^® (2 90 X 10^ c p m ) in 1 ml of water ^ The 
same amount of this material was injected intraperitoneally into each of 
three other rats Each rat was then placed in a separate metabohsm cage 
and allowed only water to drink The urine excreted in the follomng 24 
hours was analyzed for its content of morgamc sulfate sulfur, total sulfate 
sulfur, and total sulfur (25, 26) The S®* in each of these fractions vas 
also deternuned by assay of the barium sulfate samples after isolation on 

* The S’® used m this investigation i\as supplied by the Oak Ridge National Lab- 
oratory on allocation from the United States Atomic Energj'' Commission 
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filter paper disks (8) A week later the experiment was lepeated intli 2C 
mg of potassium chondroitin sulfate-S®^ (0 75 mg of sulfui, 2 70 X 10 
c p m ) per rat and, after another week, uath 25 mg of fresh S^^-tagged 
cartilage (4 72 X 10® c p m ) homogemzed m 1 ml of water The knee 
joints of 10 day-old lats that had received sodium sulfate-S®® mtrapen 
toneaUy 24 houis previously were the source of this caitilage 

In a second set of expeiiments each of three different rats was given bj 
stomach tube 100 mg of fiesh S®Hagged caitilage (4 93 X 10^ cpni] 
homogemzed in 1 ml of water and into each of three other rats the same 
amount of the mateiial was injected mtiaperitoneally The mine e\ 
cieted 111 the folloiving 24 hours was collected and analyzed as in the lirsf 
set of experiments A week latei, the experiment was lepeated ivith 1( 
mg of sodium chondroitin sulfate-S®^ (0 384 mg of sulfur, 3 66 X 10 
c p m ) in 1 ml of water per lat 

An additional series of experiments was done, again with rats of ap 
pioximately the same body weight, with sodium chondroitin sulfate-S®® ol 
much gi eater specific activity than that of the preparations mentioned 
above Into each of three rats 1 mg of the chondroitin sulfate (1 82 X 10 
c p m ) was injected intraperitoneally, into each of three lats in thiee 
other groups 2, 5, and 10 mg , respectively, were smularly injected Eaci 
of thiee additional rats received by iiitraperitoneal injection 10 mg of the 
chondroitin sulfate m 1 ml of a homogenate of 51 mg of fiesh knee-joint 
cartilage, lemoved fiom 7 day-old rats The mines were collected and 
analyzed as above The unused portions of the urine samples from the 
lats that had leceived the same dose were pooled Portions of the pools 
of urine fiom the rats given 1 and 2 mg of the sodium chondroitin sulfate-S’* 
weie dialyzed against water in rocking dialyzers (27) at 0° foi 24 lioun 
and the dialyzable and non-dialyzable S®® was determined The results 
obtained were checked by using urines immediately after collection from 
rats given 1 and 2 mg of the same sodium chondioitin suIfate-S®® 

In the case of the pooled mine samples from lats given 5 and 10 mg of 
the material, each of the pools in its entirety was dialyzed for a week against 
frequent changes of distilled watei at 0° m bags of Visking casing The 
contents of the bags were then brought to dryness m small evaporating 
dishes kept in a vacuum desiccator over calcium chloiide The residues 
weie taken up in 1 ml of water and portions weie used foi analysis bj 
paper chromatography accoiding to Kerby (28) and by electrophoresis on 
papei and on staich (29, 30) To extend and verify the lesults, theiinn® 
excreted by a rat during a period of 17 horns following the intrapentonea 
injection of 15 mg of sodium chondroitin sulfate-S®® and the urine from a 
lat given similarly about 100 nc of S®® as sodium sulfate were analj'zed as 
follows Each of these urine samples was diluted to 25 ml and of tms 
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ml were then dialyzed for 1 week against fiequent changes of distilled 
watei at 0°, in bags of Visking casing The non-dialyzable fi action of 
the uiine was evapoiated to diyness at loom temperature ovei calcium 
chloiide m a vacuum desiccatoi and the residue was taken up in 2 ml of 
watei Poitions of the concentiate and of the undialyzed urine were 
analyzed by electiophoiesis in a staich block The concentiate was also 
examined by papei electiophoiesis and papei chromatogaphy 
As an adjunct to the above experiments the possible coprecipitation of 
baiium chondioitin sulfate and baiium sulfate was determined under the 
conditions used for the deteiimnation of the in the inorgamc sulfate 
sulfui fraction of the uimes The uiine collected foi 24 hours from two 
adult male lats was diluted to 100 ml vnth water To 25 ml portions 1, 
2, and 3 mg of sodium chondioitin sulfate-S^® in 1, 2, and 3 ml of watei, 
respectively, weie added A further dilution of each sample to 50 ml was 
made and, after mixing, two 5 ml poitions were lemoved fiom each and 
further diluted to 100 ml with water, the addition of 5 ml of a 0 05 n 
solution of sodium sulfate, 1 ml of a 2 5 n solution of hydrochloric acid, 
and 5 ml of a 10 per cent solution of barium chloride followed The bar- 
ium sulfate was isolated 1 houi later by filtration onto papei disks for 
counting Aftei extensive acid hydiolysis of 5 ml portions of the urine 
samples, the total sulfate sulfur was isolated similail}’’ 24 hours later, the 
analyses were repeated, the urine samples having been kept at 20 ° during 
this peiiod of time 

Skeletons of suckhng rats, Sherman strain, that had received sodium 
sulfate-S^® intiapeiitoneally at least 24 hours previously were the source of 
the chondroitin sulfate-S^^ used Potassium chondroitin sulfate-S^® was 
isolated accoidmg to a procedure reported by Embindei and Schubeit 
(31) On analysis it was found that it contained 2 86 per cent nitrogen, 
3 75 per cent sulfate sulfur, 25 5 per cent hexuromc acid, and 20 4 per cent 
hexosamine Sodium chondioitin sulfate-S^^ was prepared according to 
Bostrom (3) The preparation used in Experiments 9 and 10 (Table I) 
contained 3 96 per cent mtrogen, 3 84 per cent sulfate sulfur, 34 4 per cent 
hexuromc acid, and 25 9 per cent hexosamine, the piepaiation used m 
Experiments 11 through 15 contained 2 70 pei cent nitrogen, 5 30 per cent 
sulfate sulfur, 32 4 pei cent hexuromc acid, and 22 0 per cent hexosamine 
The composition of the chondroitin sulfate preparations was ascertained 
as reported previously (5) 

RESULTS AND DISCUSSION 

The data on the excretion of S^® by the rats given sodium sulfate-S®®, 
chondroitin sulfate-S®®, and S®®-labeled cartilage are summaiized in Table I 
It can be seen that 52 to 86 per cent of the S®® adnnnistered as chondroitin 



Table I 

Excretion of in Urine of Rats Given Chondroitin Sulfate 5“ 


The average of three values, each on a different rat, is listed in every instance 
Corrections for radioactive decay and self-absorption were made 
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* Sodium sulfate was added to a solution of carrier-free sodium sulfate S’* so that 
each ml contained 3 3 mg of the salt and 2 90 X 10* c p m 

t The 20 mg of potassium chondroitin sulfate-S’* given to each animal nerc 
equivalent to 2 70 X 10* c p m and 0 75 mg of sulfur 

} 1 ml of a homogenate containing 25 mg of fresh knee-joint cartilage from 
day-old rats vas given to each of the adult rats As a consequence of a previo^' 
administration of sodium sulfate-S’* to the suckling rats, there were 4 72 X 
c p m of S’* in 1 ml of the cartilage homogenate and 97 0 per cent of this activi ) 
did not pass through a cellophane membrane 

§ Each of the rats was given 1 ml of a homogenate containing 100 mg of r® ^ 
knee-jomt cartilage from 11 dav-old rats that had previouslj'' received sodiums 
fate-S” There veie 4 93 X 10* c p m per ml of homogenate and of the activi 
98 5 per cent did not pass through a cellophane membrane 
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Table I — Concluded 

II To each rat 10 mg of sodium cliondroitin sulfate-S^® were given, equivalent to 
0 384 mg of sulfur and 3 66 X 10^ c p m 

H Each mg of the sodium chondroitin sulfate-S’® was equivalent to 1 83 X 10^ 
c p m The material was isolated from the skeletons of 8 day-old rats that had re- 
ceived sodium sulfate-S^® intraperitoneally 24 hours previously For use in Experi- 
ment 15, the chondroitin sulfate-S^® was dissolved in a homogenate of knee-joint 
cartilage removed from 7 day-old rats Each ml of homogenate contained 10 mg 
of the labeled chondroitin sulfate and 51 mg of unlabeled cartilage 

sulfate-S^® was excieted in 24 houis, the major portion, 37 to 62 per cent, 
was excreted as morgamc sulfate, and the lemamder was found in the 
ester sulfate fi action These values aie not remarkablj'- different from 
those found when sodium sulfate-S^® or S®®-labeled cartilage was given 
In the experiments in which sodium sulfate or fresh cartilage was ad- 
mimstered by stomach tube or injected mtrapeiitoneally, the specific activ- 
ity of the sulfur, counts pei minute per mg of sulfur, in the morgamc 
sulfate fraction of the urine was similar to that in the total sulfate fraction 
This also appears to be the case w'hen chondroitin sulfate was given by 
stomach tube, Expeiiments 3 and 9 On the othei hand, when the chon- 
droitin sulfate preparations were injected intraperitoneally. Experiments 
4, 10, 14, and 15, the specific actmty of the total sulfate suKur in the urine 
was greater than that of the morgamc sulfate sulfur, except when the dose 
was 5 mg or less pei rat. Experiments 11, 12, and 13 The results of 
Experiments 4, 10, 14, and 15 indicate that the specific activity of the 
ester sulfate sulfur was markedly higher than that of the inoigamc sulfate 
sulfui For example, one of the rats in Experiment 4 excreted 8 12 mg 
of morgamc sulfate sulfur and 10 15 mg of total sulfate sulfur m 24 hours 
and the radioactivity associated with these sulfate sulfur fractions was 
9560 c p m and 15,560 c p m , respectively The 2 04 mg of ester sul- 
fate sulfui are theiefore associated with a radioactivity of 6000 c p m , 
hence the specific activity of the ester sulfate sulfur is 6000 c p m per 2 04 
mg or 2940 cpm as compared to 1177 cpm per mg of sulfur in the 
inorganic sulfate fraction This and similar results obtained following 
intrapeiitoneal injection of moie than 5 mg of chondroitin sulfate-S^^ 
are interpreted tentatively as follows The rat is able to break the bond 
between the sulfate gioup and the rest of the chondroitin sulfate moiety, 
tins capacity, howevei, is a limited one If an excessive amount of chon- 
dioitin sulfate is injected, a significant amount of the sulfate is excreted 
nithout piioi release from the carboh 3 ’^diate umt to nluch it is attached 

The mines weie dialyzed to ascertain the nature of the S^®-labeled ma- 
teiial excieted in the estei sulfate fraction by rats given chondioitm sulfate 
intiaperitoneallj'- Some of these data are presented in Table II It was 
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found that folIoBung a dose of 1 mg practically all of the passed through 
the cellophane membiane Aftei 2 mg, howevei, 52 0 pei cent as 
non-dialyzable This lattei finding appeared at first to be contradictors 
to the data in Table I, Experiments 12 and 13, in which no difference was 

Table II 

Frachon of S®* tn Rat Urines Which Is Non-Dialyzable after Inirapenloneal 
Injection of Small Amounts of Sodium Chondroitin Sulfate-S^^ 


Urine was collected for 24 hours following the administration of 1 mg of the 
S^^-labeled chondroitin sulfate to one rat and 2 mg to another Duplicate portions 
of each urine n ere dialyzed against water in rocking dialyzers for 24 hours at 0° 


Chondroitin sulfate-S*‘ injected 

Non-dialyzable S“ in urine 

ins 

fer cent 

1 

1 07 

2 

52 13 


Table III 

Coprecipitahon of Chondroitin Sulfate with Banum Sulfate 
Sodium chondroitin sulfate-S’^ (1 83 X 10* c p m per mg ) was added to diluted 
rat urine Immediately thereafter and 24 hours later portions of the urine were 
taken for analysis 1 hour after the addition of 5 ml of a 0 05 n solution of sodium 
sulfate, 1 ml of a 2 6 n solution of hydrochloric acid, and 5 ml of a 10 per cent solu 
tion of barium chloride to each portion of urine, the barium sulfate was isolated bj 
filtration onto paper disks for counting The total added to the urine was de 
termined similarly after extensive acid hydrolysis 


Sodium chondroitin sulfate-S®‘ 
added to urine 

S** isolated in inorganic sulfate 

Immediately 

After 24 hrs * 

ms 

per cent 

per cent 

1 

82 3 

61 8 

2 

53 4 

55 5 

3 

39 4 

52 8 


* The samples were held at 20° for 24 hours During this time the pH changed 
from 7 3 to 8 7 


found between the specific activities of the sulfui in the inorganic sulfate 
and total sulfate fractions when as much as 5 mg of the chondroitin sul 
fate-S®^ were injected An explanation of the apparent discrepancy iia® 
found in experiments m which inorganic sulfate was piecipitated as bariuro 
sulfate fiom urines to which chondroitin sulfate-S^® had been added (Tab^ 
III) Though the chondroitin sulfate-S^® in the absence of inorganic sc 
fate did not precipitate as the barium salt, it is clear that, depending upo" 







Fig 1 Electrophoretic analj ses of S^'-labeled components in the unne of a rat 
given sodium sulfate-S^® (100 nc ) by intraperitoneal injection The urine was col- 
lected during the following 17 hours For analysis of the undialyzed urine one- 
twenty-fifth of the total volume was used, whereas m the case of the non-dialyzable 
fraction of the unne the amount used was equivalent to eighteen-twenty-fifths of 
the total Barbital buffer, pH 8 6, /x 0 1, was used with a starch block that was 1 cm 
thick, 5 cm wide, and 62 cm long The separation of the S®®-labeled components as 
shown was achieved in 5 hours at 12 ma in a cold room at 0“ Segments 1 cm wide 
were each eluted with 2 ml of a 1 per cent sodium chloride solution , 1 ml portions 
were subsequently dried for analysis 



Fig 2 Electrophoretic analyses of S’®-labeled components in the urine of a rat 
given 15 mg of sodium chondroitin sulfate-S^® (2 75 X 10‘ c p m ) bj' intraperitoneal 
injection The urine nas collected during the following 17 hours For analysis 
one-tenth of the total volume was used in the case of the undialj zed urine , in the case 
of the non-dialyzable fraction of the urine the amount vas equivalent to one-fifth of 
the total volume Otherwise the analyses were the same as those in Fig 1 
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the amount present, a large or small fraction of it will either copiecipitate 
with or be occluded m barium sulfate during the precipitation of the latter 
As a result it is likely that, in Experiments 12 and 13, if unchanged chon 
droitm sulfate was excreted in the urines, the specific activity of the sulfur 
in the inorgamc sulfate fraction would appear to be as high as that of the 
sulfur in the total sulfate fraction 

So far the data only suggested the possible excretion of unchanged chon 
droitm sulfate oi of some fragment (or fragments) of it with the sulfate 
still attached if the dose were 2 mg oi more Convincing proof that some 
chondroitin sulfate was excreted unchanged was obtained by the use of 
paper chromatography and electrophoresis on paper and m a starch bloch 



Owgin Segment No. 

Fig 3 Electrophoretic analysis in a starch block of the sodium sulfate-S" and 
sodium chondroitin sulfate-S^® administered to the rats whose urines were used to 
obtain the patterns shown in Figs 1 and 2, respectively Analysis as given in Fig 1 

For example, m the case of a mine from a rat that received sodium sulfate 
S®® and another from a rat given chondroitin sulfate-S®® intraperitoneally, 
similar patterns were found on electrophoretic analysis by use of starch 
blocks (Figs 1 and 2) In each of the urines there was S^Mabeled material 
that moved as did inorgamc sulfate (cf Fig 3) and, in addition, materials 
with a slower mobihty Concentrates of the non-dialyzable fraction of 
the urmes, however, gave dissimilar patterns Practically aU of the S’® 
m the urine from the rat that received labeled sodium sulfate passed 
through the cellophane membrane (Fig 1) In the concentrate of the 
non-dialyzable fraction of the urine from the rat which had been injecte 
with chondroitin suLfate-S^® there was material with a mobfiity like tha 
of the admimstered chondroitm sulfate-S®® (Figs 2 and 3) Electrop o 
resis on paper and paper chromatography (Fig 4), also indicate 
By usmg electrophoresis on paper, material akm to chondroitin sulfate uas 
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detected in concentrates of dialyzed urine even when as little as 5 mg of 
chondroitin suKate-S^® had been injected 


A cz? 

Urine after C5A-5^® 

C5A-5” 

Urine after !Na2504-5^® 

CD 

Heparin 

Chondroitin Sulfate (CSA) 

Hyaluronic Acid 

c 

o 

Urine after Nq 2 S 04 -S^ 

CSA- 5^5 

Urine after CSA-5^® 


Fig 4 A, electrophoretic analyses of materials in concentrates of the non-dialyz- 
able fraction of the urines from rats given intrapentoneally 15 mg of sodium chon- 
droitin sulfate-S^® and sodium sulfate-S’® (100 /ic ) In each instance an amount 
equivalent to one-two hundred and fiftieth of the original urine volume was used 
Approximately 10 y of sodium chondroitin sulfate-S®'’ in 0 01 ml of buffer v ere applied 
to the paper for reference Acetate buffer, pH 4 3, /i 0 1, was used in conjunction with 
Whatman No 3MM filter paper strips 3 7 X 14 inches, 1 ma of current was allowed 
to flow for 17 5 hours at 0° The papers a' ere then dipped into a 0 1 per cent solution 
of toluidine blue in 30 per cent ethanol Excess dye was removed by repeated w ash- 
ing in 30 per cent ethanol containing 0 5 per cent acetic acid B, the possible separa- 
tion of chondroitin sulfate from heparin and hyaluronic acid is apparent Analysis 
as in (A) except that the running time w as 16 hours 5 y of heparin and 10 y of chon- 
droitin sulfate and hyaluronic acid (umbilical cord) w ere applied to the paper, each 
in 0 01 ml of water C, paper chromatogram, prepared according to Kerbj^ (28), 
of the materials used in (A) The amounts applied to the paper were also the same 
as those in (A) 

A consideration of all the data leads to the conclusion that the intact 
adult rat can split the bond holding the sulfate in chondroitin sulfate 
The rat’s capacity to do so is limited when chondroitin sulfate isolated 
from the skeletons of rats is injected intraperitoneall}'’ The injection of 
5 mg or more of such material results in the urinarj’’ excretion of some of 
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it unchanged It is probable that the chondroitin sulfate had been de 
polymerized in the process of isolation to give fragments of a size nlncli 
could be excreted by the kidneys 

SUMMARY 

Chondroitm sulfate-S^® isolated from the skeletons of suckhng lats thal 
had received sodium sulfate-S*® was mjected mtraperitoneally into or fed 
by stomach tube to adult rats After tube feeding no difference was found 
betw^een the specific actmty of the unnary inoigamc sulfate sulfur and 
the specific activity of the unnary total sulfate sulfur, even w'hen the dos( 
was 20 mg of chondroitm sulfate-S^® per lat On the other hand, aftei 
intiapentoneal injection an equivalence of the specific activities of tk 
sulfur in these tw^o fractions was found only when the dose was 5 mg oi 
less After the mtrapeutoaeal m]eetion of 2 mg or more of chondroita 
sulfate-S^®, some of the S®® excreted m the urine was non-dialyzable In 
concentrates of the non-dialyzable fractions of these urines material was 
found which on electrophoretic analysis and by paper chromatographj 
resembled the chondroitm sulfate-S®® which had been injected 
It IS concluded that the rat is capable of severmg the ester hnkage be 
tween sulfate and carbohydrate in chondroitm sulfate 
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THE METABOLIC FATE OF RUTIN AND QUERCETIN 
IN THE ANIMAL BODY 

By albert N BOOTH, CHARLES W MURRAY, 

FRANCIS T JONES, and FLOYD DeEDS 

{From the Western Utilization Research Branch, Agricultural Research Service, 
United States Department of Agriculture, Albany, California) 

(Received for publication, April 9, 1956) 

The finding of 3,4-dihydroxyphenylacetic acid (DHPAA) in the urine 
of rabbits after the oral ingestion of rutin or its aglycone quercetin has 
been reported from this Laboratory (1) In this same report it was stated 
that m each case after the admimstration of the flavonoid an examination 
of paper chromatograms of the ether extracts of the urine revealed the 
excretion of at least four metabohtes (one of which was DHPAA) Two 
more of these four substances have now been identified (2) and a more 
detailed report is presented herein 

One of these two compounds, w-hydroxyphenylaeetic acid (mHPAA), 
was isolated and identified in this Laboratory over a year ago, but publi- 
cation was withheld pending identification of the second compound, 
3-methoxy-4-hydroxyphenylacetic acid (homovamlhc acid) In the mean- 
time, at least two other laboratories have reported the finding of mHPAA 
m control urines (3, 4) Also included in the present report are the results 
obtained from three species besides the rabbit, namely rats, guinea pigs, 
and humans The metabohc fate of a flavonoid such as quercetin in ani- 
mals other than the rabbit was considered especially important in view of 
the results obtained by Clark and MacKay with rats and humans (5) 

EXPERIMENTAL 

AU urines were collected in receiving flasks contaimng sufficient hydro- 
cliloric acid to maintain an acid pH in order to retard oxidation of labile 
phenohc excretory products The acid urines were extracted for 5 to 6 
hours mth ether in a continuous hquid-hquid extractor, and the ether 
extracts were evaporated to dryness under vacuum and nitrogen Chro- 
matograms were piepared by dissolving the ether residues in a few ml of 
acetone, air-drying a fraction of the acetone solution (0 02 to 0 10 ml ) on 
a sheet of YTiatman No 1 filter paper, and imgrating the fraction in two 
dimensions The solvent for the ascending migration in the first direction 
(16 hours) was the lower phase of a mixture of chloroform, acetic acid, and 
water (2 1 1 by volume) Aqueous potassium chloride (20 per cent) was 
the solvent for the ascending nngration in the second direction (2 to 3 
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hours) The solvent fronts were allowed to advance 30 to 35 cm m each 
direction Detection of the location of the various hydroxyaromatic 
substances on the air-dried papers was accomphshed by spraying with a 
solution of freshly prepared diazotized sulfanihc acid followed by 20 pet 
cent sodium carbonate as descnbed by Bray et al (6) 

The mHPAA was isolated from the ether extracts of the urine of rabbits 
which had received quercetin (0 5 gm per kilo of body weight) via stomach 
tube The basal diet was a commercial pellet preparation of natural feed 
stuffs Solvent partition between ether and petroleum ether (Skelly 
solve F, b p 30-60°) was used to isolate mHPAA Unfortunately, it was 
contaminated with small amounts of DHPAA and m-hydroxybenzoic acio 
(mHBA) Purification was achieved by preparation of the tribromo de 
rivative, which was used to confirm the identity of the urinary metabohte 
as mHPAA 

Homovamlhc acid was isolated from the ether extracts of unne of rats 
fed quercetin (2 per cent) m a diet consistmg mainly of natural feedstuffs 
After evaporation of the ether, the sohds were extracted with hot xylene 
Plates of impure homovamllic acid (HVA) were obtamed as the solution 
cooled These were purified by partitiomng between water and chloroform, 
by taking advantage of the fact that homovamlhc acid is more soluble in 
chloroform than is DHPAA 

An approximation of the quantities of the three metabolites of quercetin 
in urine was accomphshed by migrating known quantities of the pure com 
pounds (2 to 10 7) and making comparisons of the spot size and color on 
paper chromatograms developed after rmgratmg appropriate dilutions of 
the unne of rabbits which had received quercetin 

Since rutin and its aglycone quercetin yield the same metabolic products, 
quercetin was used in most of the experiments because more flavonoid 
could be admimstered per umt weight of material The possibibty of 
conjugated degradation products of quercetin being excreted in the unne 
was mvestigated by hydrolyzing the ether-extracted urine mth 10 per cent 
hydrochloric acid for 3 hours, followed by ether extraction and develop 
ment of chromatograms of the ether extracts 

Results 

A typical schematic diagiam of a chromatogram of an ether extract 
of rabbit urine is shown in Fig 1 Before quercetin was given, the two 
most prominent spots visuahzed after spiaying were a yellow area (Spot ] 
due to mHBA and a yellovnsh orange spot indicating the presence 0 
mHPAA and p-hydro\yphenylacetic acid (pHPAA) which migrated to t e 
same area (Spot 2) under these conditions However, pure mHPAA an 
pHPAA yield yellow and led dyes, respectively, after spraying with diazo 
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tized sulfanilic acid In the case of contiol labbit urine, mHPAA pre- 
dominated and hence a yellounsh oiaiige spot on the chiomatogram le- 
sulted 

When urine fiom rabbits receiving quercetin was exammed chromato- 
graphically, there weie at least thiee striking changes in evidence compared 
to the contiol In the first place, a black area (mitially red after devel- 
opment of the coloi) was located at Spot 1 in Fig 1 and has already been 


Solvent Front 



Fig 1 Phenolic acids in rabbit urine befoie and after quercetin Spot 1 = 3,4 
dihydroxyphenylacetic acid, Spot 2 = m- and p-hj'^dro\j’'phen 3 dacetic acid. Spot 3 = 
3-methoxy-4-hydro\j^phen3dacetic acid (honiovanillic acid). Spot 4 = la-lydioM- 
benzoic acid 


identified and reported as being DHPAA (1) Secondly, there vas a 
maiked inciease not only in the size of Spot 2 but an intensification of the 
yellow coloi characteiistic of mHPAA Thiidly, a nev area (Spot 3) uas 
noted which vas red in color after spraying ivith diazotized sulfanilic acid 
and has been identified as HVA 

Paper chiomatogiaphic analyses of the uiines of lats, labbits, guinea 
pigs, and humans lecemng oral dosages of queicetm levealed that in all 
foui of these species a sti iking similaiity existed in the metabolic fate of 
this flavonoid In every case there was unmistakable evidence of DHPAA, 
mHPAA, and H\^A being excieted 

Endence has also been obtained foi the uiinaiy excretion of a substance. 
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01 substances, that fluoiesce intensely yellow in ultiaviolet light and aie 
only slightly soluble in ethei (the major poition being letained in the aqiie 
ous phase after ethei e\ti action) Woik is cuirently in progress to isolate 
this mateiial 

In addition to the two-dimensional papei chiomatogiaphic ciiterioii 
foi the identity of mHPAA, the x-iay diffraction pattern of the tiibromo 
deiivative of the compound isolated fiom uime aftei queicetin adminis 
tiation has been found to be identical with that of the tiibromo derivatne 
of authentic mHPAA (Fig 2) A third criteiion establishing the identitj 
of this substance isolated from mine was the set of optical and cijstallo 
graphic data which weie as follows Some of the ciystals of the sublimed 
tnbiomo deiivative of mHPAA weie plates oi piisms having an end angle 



Fig 2 X-raj^ diffraction patterns Left side, tnbromo derivative of compound 
isolated from urine Right side, tnbromo derivative of sjmthetic mHPAA 


of 135° Their bnefimgence tvas high and their extinction was sharp and 
symmetrical if the crj'-stal was pioperly oriented Such sjminietricallv 
extinguishing side views gave the lefi active index y foi ciosswise vibrations 
and a' for lengthwise vibrations End views (which did not extinguish 
shaiply) showed a rhomb-shaped silhouette whose acute angle vas about 
46° The lefractive indices shown by end views weie 7 for the diiectioii 
which bisects the acute angle and /S' for the othei direction on those ciystals 
oriented to give symmetiical extinction Edge news (which had a lec- 
tangulai outhne) showed oblique extinction with the vibiatioii diiection a 
making an angle of 20° with the length of the ciystal The othei index 
obtainable fiom this new v as ^ Acute bisectiix mteiference figuies iicie 
sometimes obtainable fiom suitably tilted end news They shoved tia 
the optical character is negative with 2E = medium (2E calculated = dd 
(2F calculated = 36°), dispeision (r > v) slight The refiactive m 
are as follov s a = 1 534, a' = 1 558, /8 = 1 77, 7 = 1 80 
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Likewise, in the case of homovanilhc acid, it was found that the chro- 
matographic evidence including Rr values in tvo dimensions plus the 
quahty of the coloi vith diazotized sulfamhc acid vas identical vhen com- 
pared with an authentic sample of homovamlhc acid The crystallo- 
giaphic data have also been found to be identical and vnll be leported in 
detail in a subsequent paper 

Having estabhshed the identity of three substances found in urine after 
giving an ammal quercetin, and taking into account their structural 
relationships to quercetin and to each other, we concluded that DHPAA 


Quercetin 


3, 4- Dihydroxy - 
Phenylocetic acid 



Phenylacetic acid 

Fig 3 A proposed scheme for quercetin degradation 


was probably an mtermediate metabolite of quercetin and that some of 
the DHPAA can serve as a precuisor of mHPAA by dehydroxylation and 
as a precursor of homovamlhc acid by methylation DHPAA was pre- 
pared by demethylation of the corresponding dimethoxy derivative and 
given orally to both rats and rabbits As predicted, chromatograms v ere 
the same as those after the admimstration of quercetin In other v ords, 
the admimstration of DHPAA resulted in the excretion of unchanged 
DHPAA, and there was unmistakable evidence of an increase in mHPAA 
as well as a defimte area corresponding to homovamlhc acid Based on 
these lesults the proposed pathway of quercetin degradation in the ammal 
body IS shown in Fig 3 

Another point which was briefly mvestigated was the question as to 
whether quercetin degradation takes place in the intestinal tract or in the 
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animal tissues after absorption from the gut When quercetin tos ad 
mimsteied by mtraperitoneal injection, in ordei to ehminate possible 
effects due to digestive enzymes or intestinal bacteiia, unnustakable cbro 
matographic evidence of homovamllic acid was found in the unne, as was 
the case when it was given oiaUy At the piesent time we have no e\ 
planation for the failure to find DHPAA or an inciease m mHPAA An 
analysis (chromatographic) of the intestinal contents of rats recemng 
quercetin m the diet was negative m legard to the presence of quercetin 
metabohtes found in the urine 

Paper chiomatograms of ether extiacts of hydrolyzed urines failed to 
reveal any additional metabohtes of quercetin which noight have been 
conjugated 

Having identified three metabohtes of quercetin in the urine, we at- 
tempted to estimate the amount of these compounds bemg excieted when 
a given dosage of quercetin was admimstered When 2 gm of quercetin 
were given to a rabbit, the values were 150 to 200 mg of DHPAA, 20 to 
40 mg of homovamlhc acid, and 25 to 45 mg of mHPAA (corrected for a 
normal excretion of 10 to 20 mg per 24 hours) 

DISCUSSION 

As an outgrowth of this work, a most interesting finding w'as the abihti 
of the ammal either to methylate a “meta” hydroxyl group or to remove a 
“para" hydroxyl group fiom a phenolic acid (DHPAA) Tins mil be 
tieated in more detail m a subsequent paper on the metabohsm of 3,4-di 
hydroxyphenylalanine 

To date, all of the metabohc products which have been identified appear 
to have originated from that portion of the queicetin molecule contaimn^ 
the catechol nucleus (Fig 3) The opposite side of the quercetin molecule 
has not as yet been accounted for The possibihty of using radioactne 
carbon to investigate this phase of the problem presents itself 

These results indicate that quercetin is the precuisor of three unnar^ 
metabohtes, tw^o of which may be derived fiom DHPAA Then it follows 
that a considerable amount of the orally adnumstered quercetmmusthaic 
been absorbed fiom the gastrointestinal tract In view of the widespread 
occurrence of various flavonoids in the plant kingdom (7), it is not un 
reasonable to suspect that numerous flavonoids are contmuously being 
ingested by ammals, including man, and probably account for some or tn 
many phenohc acids found in normal mines Bray and Thorpe (8) Iw'J 
revieived the results reported by various workers on the excretion 
phenohc acids in the urine of rabbits on natural diets They mention 
possible role of the diet as a source of precuisors of the thirty or more 
phenohc excretory products found in the unne, many of which have e 
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identified Ho'\\e\ei, they did not specifically implicate plant pigments 
including flavonoids as possible piecursors of these urinary metabolites 
These ivoikeis included pHPAA but not mHPAA in then hst of uniiaiy 
metabolites Pei haps oui use of a diffeient basal diet than the one the}'’ 
used Recounts foi nhat nnght appeal to be conflicting lesults The use 
of puiified diets m subsequent investigations should also aid m establishing 
a relationship, if any, bet'ween dietaiy constituents and uiinaiy metab- 
olites 

In a lecent review by Willaman (9) on the biological effects of flavonoids, 
a summary of the data levealed that no less than thirty- three different 
types of physiological and biochemical actnnties ha^'e been repoited foi 
one 01 anothei of thirty different flavonoids A question as yet unansi\ eied 
is whether the degradation products of quercetin can exert the same physi- 
ological effects as those attributed to quercetin itself 

SUMIMARY 

Evidence has been piesented which peimits the identification of two ad- 
ditional metabolites in the mine aftei the animals weie given lutni oi 
queicetm orally, namely w-hydio\yphenylacetic acid and 3-metho\y-4- 
hydi oxyphenylacetic acid 3 , 4-Dihydro\yphenylacetic acid, also a metab- 
olite of queicetm, has been shown to be the precuisoi of the two metabo- 
htes first mentioned 

The identification of these uiinary metabohtes of a flavonoid such as 
quercetin is offeied as evidence of intestinal absoiption having taken 
place 

The urinary excretion of m-hydi oxyphenylacetic acid after feeding 
queicetm imphcates flavonoids m the diet as being at least one example of 
a dietary precuisor of a ?n-hydioxyaiomatic acid m urine 

BIBLIOGRAPHY 

1 Murray, C W , Booth, A N , DeEds, F , and Jones, FT,/ Am Pharm Assn , 

Sc Pd , 43, 361 (1954) 

2 Booth, A N , Murray, C W , DeEds, F , and Jones, F T , Federation Proc , 14, 

321 (1955) 

3 Armstrong, M D , Sha^ , K N F , and Wall, PE,/ Btol Chem , 218, 293 (1956) 

4 Pogrund, R S , Drell, W , and Clark, W G , Federation Proc , 14, 116 (1955) 

5 Clark, W G , and MacKay, EM,/ Am Med Assn , 143, 1411 (1950) 

6 Bray, H G , Thorpe, W V , and White, K , Biochem J , 46, 271 (1950) 

7 Geissman, T A , and Hmremer, E , Bot Rev , 18, 77 (1952) 

S Bray, H G , and Thorpe, W V , in Glick, D , hlethods of biochemical analyMs, 
New York, 1, 27 (1954) 

9 Willaman, J J , / Am Pharm Assn , Sc Ed , ii, 404 (1955) 




THE NATURE OF LABILE CITROVORUM FACTOR 
IN HUMAN URINE 
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(Received for publication, March 26, 1956) 

The occurrence m human urine of a factor labile to heat and alkali which 
replaces citiovoium factoi (CF, 5-formyl-5,6,7,8-tetrahydiofolic acid, 
5-formyl-THFA) in supporting the giowth of Leuconostoc citrovorum, stram 
8081 (Pediococcits sp (1)) has been observed (2) This growth activity is 
lost upon autoclaving (pH 6 0 to 7 0) or during stoiage of mine at loom 
temperatuie at pH 4 5 or above After ingestion of a test dose of folic 
acid (FA), the bulk of the activity excreted in the urine consisted of an 
unstable form, and only 5 to 10 pei cent of the total activity was m the 
form of CF Similar products, which aie unstable to heat and support the 
groArth of L atrovorum, have been observed m bacterial cell preparations 
by Nichol et al (3) and Wackei et al (4) and m liver enzyme reaction mix- 
tures by Deodhar et al (5) We now wish to describe (a) a procedure for 
the separation of this labile compound in a highly punfied state and (fe) its 
properties (stability, biological, spectrophotometric), Avhich are identical 
mth those of anhydrocitiovorum factor (the acid degradation product of 
folinic acid of May et al (6) and anhydroleucovoiin of Cosulich et al (7)) 

Materials and Methods 

The assay procedures ivhich employ L citrovorum 8081 and Streptococcus 
faecahs R 8043 (SFR) as test organisms have been described (2, 8) The3’’ 
were modified in that the diluted samples ivere added to the assaj’- tubes 
at levels of 0 2, 0 4, 0 6, 0 8, and 1 0 ml Unless otherwise noted, all the 
samples were autoclaved, prior to assay, at 10 pounds for 30 minutes in 
the presence of ascorbic acid (50 mg m a total volume of 1 5 ml , pH 6 2) 
This treatment converts “labile” CF to CF, the 5-foim3d-THFA com- 
pound 

The urme used m this study was obtained from normal adult males v ho 
had ingested 125 mg of FA (Folvite Lederle) and 1 gm of ascorbic acid 
The urine vas collected and stored at once at —10° The subjects m 
general excreted 75 to 90 per cent of the FA ingested as material active for 
SFR and 0 5 to 3 5 per cent as substances active for L citrovorum 

Present address, Hitchcock Clinic, Hanover, New Hampshire 
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Aiihj’-dioleucovoim ^^as piepaied by acidification of Ca leucovoun mth 
HCl (6, 7) Tins material n as then chromatographed on Dowe\ 1-formate, 
eluted nith 2 pei cent foiimc acid, and Ijmplulized Since the starting 
material (leucovoiin) consisted of a mixture of 2 diastei eomeric forms, onh 
one of which is active, the anhydroleucovoiin, according to weight, should 
be half as active as CF The lyophihzed product, after being autoclaied 
in ascorbate solution, was 47 pei cent as active as Ca CF for L ciimorm 
Absorption measurements in the ultiaviolet region veie carried out in a 
Beckman model DU spectrophotometer 
Studies on the ammal activity of the isolated compound u ere made mth 
10 day-old chicks fed a folic acid-deficient ration described by Bnggs etal 

(9) 


EXPERIMENTAL 

Purification Procedure — ^After the frozen urine was partially thaiied, the 
pH vas adjusted to 2 5 to 2 6 Aiith concentrated HCl, and the thauing 
was contmued overnight at room temperatiue The urme, still containing 
ice particles, Avas then readjusted to pH 2 5 AAith additional concentrated 
HCl Fiom 2 to 5 liters of the adjusted uiine Aiere filtered through Eaton 
and Dikeman No 541 fluted filtei paper (33 cm diameter) at 0-5° The 
filtrate was discarded The insoluble fraction was suspended in 3 5 liters 
of water at 0°, again adjusted to pH 2 5 AAith 2 n HCl, and stiired (Mag 
nestir) 15 minutes at 0° The suspension AA’as filtered through a bed of 
Hyflo Super -Cel, and the insoluble residues AAere rejected 0 5 to 1 gni of 
Darco-KB AA'as added to the filtrate (first extract) and stirred (Magnestir) 
for 15 minutes at 0° The Darco-KB, contammg the adsorbed labile com 
pound, was recovered by filtration on a Buclmei funnel and the adsorbate 
stored m a freezer until used 

An example of the recovery of biological activity effected under these 
conditions is shoAioi m Table I BetAAeen 20 and 25 per cent remained in 
the filtrate, and 70 to 75 per cent of the activity calculated to be present 
in the precipitate Aims lecoAmred in one extraction AAith Aiater Appio^' 
mately 10 per cent more can be recovered m a second extraction Essen 
tially all the activity m the extract can be adsorbed on Daico-ICB The 
distribution of activity due to CF as such is also shoAAn (see the values m 
parentheses) About 60 per cent of this 5-formyl derivative Avas left m 
the filtrate, and less than 2 pel cent of the total CF activity m the extract 
was due to the 5-formyl derivative as such From this point on, the con 
tribution of CF to the total CF activity was 2 per cent or less, the remain cr 
consisting of labile material , 

The eluent used to remove the “labile” material from the Darco-KB^^^^ 
sorbates consisted of 70 per cent ethanol contammg 2 mg per ° 
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ascorbate at pH 6 2 The frozen adsorbate was transferred with 150 ml 
of chilled eluent to a beaker in an ice bath Foi the first elution, the pH 
of the suspension was adjusted to 7 0 to 8 0 with 28 per cent NH3 solution 
under a stream of helium and stnied for 5 minutes at 0° The Daico-KB 
lias lecoveied by centrifugation (5 mmutes, 5° at 3000 rpm) and the 
eluate undei helium was adjusted to approximately pH 3 0 with 2 n HCl 
The Dai CO adsoibate was eluted an additional foui to five times as de- 
scribed above However, in these elutions, the Darco suspensions were all 
adjusted to pH 10 0 to 10 5 with 28 per cent NH3 solution All the eluates 
were stored at — 10° for further use 

An example of the results from one of the more successful elution opera- 
tions IS shoiTO in Table II In general, the recovery of the active material 


Table I 

Distribution of CF Activity in Urine at pH 2 5 and 5° 



CF activity* 

Whole urine, 2700 ml 

y 

6600 (695) 

Filtrate (discarded), 2700 ml 

1520 (408) 

Ppt (calculated) 

5080 

1st extract of ppt , 3500 ml 

3700 (67) 

“ “ after adsorption with 500 mg Darco-KB 

128 


* Sum of labile CF and S-formyl-THFA 

The values in parentheses indicate CF activity due to 5-forni3d-THFA For 
these determinations, the samples of filtrate and extract were adjusted to pH 6 0 
to 8 0 immediately after filtering and were not subjected to preliminary treatment 
with ascorbic acid See the text for further details 

fiom the Dai CO was not predictable and ranged from 30 to 100 per cent 
In practice, the first eluate was discarded because it contained relatively 
largei amounts of mactive material than the subsequent ones 
Darco eluates contaming the major portion of the “labile” CF activit}" 
weie combined, concentiated b3'’ distillation tn vacuo (20 mm of Hg, watei 
bath 50-55°) under helium The distillation was continued until the piep- 
aration was free fiom ethanol and contained 1 to 2 mg per ml of CF ac- 
tivity The concentrate was then stored m a freezer 
The concentrated charcoal eluates were now subjected to chromatog- 
laphy on a paper pulp column (Solka-Floc SW40A) at room temperature 
A 100 ml burette (1 5 cm in diameter) vas packed firmlj'^ to a depth of 
30 cm Mith paper pulp suspended in water -saturated butanol 2 to 3 ml 
of the concentiated Darco eluates, adjusted to approximatel}’^ pH 4 0 with 
N KOH, were absorbed on dry Solka-Floc and transferied to the column 
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which contained enough water-saturated butanol to immerse the sample 
Two filter paper disks were floated to the top of the loosely packed sample 
and the sample was compressed umformly with the aid of a glass rod 
Water-saturated butanol was passed through the column until the bulk of 

Table II 


Elution of CF Activity from Darco-KB 


Eluate No 

Anunonia added 

CF activity found 


ml 

7 

1 

0 5 

2,030 

2 

2 2 

6,390 

3 

1 0 

4,960 

4 

1 0 

3,160 

5 

1 0 

2,330 

Recovered 


18,870 

1 


4 gm of Darco-KB, calculated to contain 24 mg of labile CF activity, were 
eluted under conditions described in the text 


Table III 


Gradient Elution of CF-Active Material from Solka-Floc Column 


Fraction No 

CF activity in fraction 

SFR activity in fraction 

Ratio SFR CF 

1 

y 1 

y 


1 

1 



2 




3 

<50 

1600 

>32 0 

4 

<50 

860 

>17 2 

5 

130 

900 

6 9 

6 

445 

800 

1 8 

7 

480 

770 

1 6 

8 

325 

453 

1 4 

9 

165 

263 

1 6 

10 

87 

163 

1 9 

11 

50 

85 

1 7 

12 

50 

' 55 

1 

1 1 


2 mg of CF-active material were applied to the column and elution was carried 
out as described in the text 


dark pigments was eluted These pigments had no CF activity and 
discarded 

The active material was recovered by gradient elution A gradient 
produced by passmg 20 per cent forimc acid (m water-saturated butano J 
mto a mixing vessel sealed to the top of the burette and containing 250 
of 0 25 per cent formic acid (in water-saturated butanol) The rate o 
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flow within the sealed system was adjusted to 1 5 ml per imnute 25 ml 
fractions were collected, sampled for assay, and stored in a freezer 

The results from one such column which are typical are shown in Table 
III The SFR-active material which could represent FA or iV-lO-for- 
myl-FA was eluted first, followed by a mixture of SFR- and CF-active 
compounds In general, from 75 to 100 per cent of the starting material 
was recovered 

The CF-active fractions were combmed and concentrated by distilla- 
tion in vacuo under helium until all the butanol was removed Water was 


Table IV 

Gradient Elution of CF -Active Material from Dowex 1 -Formate 


Fraction No 

1 CF activity in fraction 

SFR activity in fraction 

Ratio SFR CF 


7 

7 


1-4 inclusive 




5 

59 

67 

1 1 

6 

92 

99 

1 1 

7 

73 

70 

1 0 

8 

165 

165 

1 0 

9 

>500 

>500 


10 

>500 

>500 


11 

260 

250 

1 0 

12 

203 

203 


13 

98 

98 

1 0 

14 

54 

58 

1 1 

15 

43 

39 


16 

28 

30 

1 1 

17 

18 

20 

1 1 


Concentrated Solka-Floc cuts containing 2 25 mg of CF-active material were put 
on the column Gradient elution was carried out with 20 per cent formic acid 5 
ml fractions were collected See the text for other details 


added several times dui-mg the distillation to avoid precipitation of solids 
from the butanol solution durmg concentration The bulk of the residual 
formic acid in the concentrate was removed by extraction with ethyl ether 
Any residual ether was removed by distillation in vacuo and the sample 
was then stored at —10° 

The concentrate was now chromatographed on a Dowex 1-formate col- 
unin A 50 ml burette (1 3 cm m diameter) v as packed to a depth of 20 
to 30 cm with Dowex 1-formate, and the column placed m a cold room 
(0-5°), where the rest of the operation was carried out The frozen sam- 
ple was thawed and adjusted to about pH 4 0 with 0 5 n KOH and placed 
on the column Gradient elution was effected bj'^ passmg 10 or 20 per 
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cent aqueous foiinic acid into a mixing vessel containing 150 ml of 0 1 per 
cent formic acid and then through the column The flow rate of the sealed 
system was adjusted to approximately 1 ml per mmute 5 to 20 ml frac 
tions were collected, sampled, and stored at — 10° 

An example of the results of chromatography on Dowex 1 -formate is 
shown in Table IV The data indicate that fractions from Dowex l-for 
mate were considerably improved over those obtained from Solka-Floc, in 
that substances active for SFR and mactive for L ciirovorum had been 
removed There appeared to be an association betw^een the biological ac 
tivity and a yellow color present in the active samples No spectral data 

Table V 


Ultraviolet-Absorbing Materials and CF Activity 
of Fractions from Dowex 1 -Formate 


Fraction No 

1 Density 

CF activity pet 10 ml 
fraction 

28S nvi 

360 xrm 

1 



i 

7 

8 

0 010 

0 004 

<20 

9 

0 009 

0 004 

<20 

10 

0 027 

0 016 

55 

11 

0 126 

0 190 

588 

12 

0 170 

0 308 

1013 

13 

0 292 

0 492 

1575 

14 

0 255 

0 372 

1275 

15 

0 164 

0 243 

1000 

16 

0 160 

0 184 

555 

17 

0 321 

0 114 

342 

18 

0 504 

0 070 

252 


Density values for 0 2 ml of sample in 3 0 ml of 0 1 N HCl 


are available for the samples in Table IV However, exammation of the 
ultraviolet absorption spectra m 0 1 n HCl of fractions from a similar 
column indicated that the biologically active fractions contamed material 
which absorbed strongly at 350 to 360 mp. (Table V) Present in varying 
amounts in each of these fractions was a major contaminant consistmgO' 
a matenal which absorbed strongly at about 285 m/z On a dry weight 
basis, the more active fractions were from 20 to 50 per cent as active a"! 
Ca CF 

Active fractions from Dowex 1-formate, calculated to contam appro^ 
mately 4 0 mg of CF activity, were combmed and concentrated m 
to about 0 5 ml The concentrate was then transfeired to a test tube 
extracted with ether to remove residual formic acid On chilhng 
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lesidue of the ethei extiact, a gummy greenish yellow precipitate formed 
on the walls of the test tube The supernatant liquor v as separated fiom 
the piecipitate by centiifugation and the lesidue nas dissolved in 1 2 ml 
of 1 per cent fornuc acid The piecipitation piocedure vas repeated until 
there vas no increase m the biological activity or change in the ultraviolet 
absorption pattern The final yellow product (about 2 0 mg ) obtained on 
lyophihzation was 88 per cent as active as Ca CF 
The ratios of absorbing material at 360 and 285 mju for the various 
fractions are shovm in Table No increase in potency or 360 285 m/i 
ratio was achieved after the third precipitation step Except for the 
lyophihzation step, the sample was maintained in an atmosphere of helium 
during all manipulations 


Table VI 

Precipitation of XJiine Product from Dowex 1 -Formate Concentrate 


starting 

material 

Dower 

l-formate 

concentrate 

1st ppt 

2nd ppt (o5-60 
per cent) 

3rd ppt (89 per cent) 

4th ppt (S8 per cent) 

1 1 

1 31 

1 98 

2 01 

1 98 


1 st supernatant 

2 nd supernatant 

3rd supernatant 

4th supernatant 


solution 

solution 

1 solution 

solution 


0 49 

0 63 

1 68 



The values shown indicate ratios of 360 to 285 niju absorbing materials in fractions, 
and the values in parentheses indicate CF activity of I 3 ophilized precipitates 


Properties and Identity with Anhydrocitrovorum Factor — The ultraviolet 
spectra of the product isolated fiom urine and of anhydioleucovorin are 
shovm in Fig 1 The two curves aie strikingly siimlar and suggest that 
the urme product is anhydrocitrovorum factor 
Further evidence mdicatmg a close lelationship between the natural 
pioduct and anhydroleucovoiin is shomi by the parallel absorption piop- 
eities of the two products m 0 1 N HCl and phosphate buffer at pH 7 0 
(Fig 2) The 350 to 360 mp absorbing band vhich is absent at pH 7 0 
leappears on acidification The oiigmal intensity of absoiption is not 
recovered after acidification, because of partial oxidation of the products 
which results during mampulations, despite the presence of ascorbate in 
the solvent 

The natural isolated material and anhydroleucovorin migrate at iden- 
tical rates on paper in propanol-butanol-0 1 n HCl (2 1 1), 5 per cent 
acetic acid m natei -saturated butanol, and m foinnc acid in nater, with 
the folloning Rp \ allies 0 079, 0 036, and 0 37 The latter, for m foimic 
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acid, IS that lecorded by Gieenberg et al (10) Both products under the 
hlinerahght (model No R51) display the same type of pale blue fluores 
cence No fluoiescent areas other than those indicated could be shoiui to 



Fig 1 Ultraviolet spectra of sjrathetic and natural products The purity of fk 
natural product, based on CF assay, was 88 per cent The samples, in 0 I n HCl, 
contained 10 y of solids per ml 



M/t, 

Fig 2 Spectra of synthetic and natural products in ascorbic acid (100 y per ml ) 
The purity of the isolated, natural product, based on CF assay, was 77 per cent 
Spectra were obtained from samples containing 10 j of solids per ml 

arise from the synthetic or natural compounds, mdicatmg that they 
essentially fiee of fluorescent contaimnants such as fiee pteridmes, 
formyl-FA, or iV-lO-formyl-dihydrofohc acid 

Other evidence that the urine product is anhydiocitrovoium factor’ 
based on its conversion by heat, in the presence of reducing ® 
absence of oxygen, to a product lyhich is mdistingmshable from CF ( j 
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After being autoclaved in ascorbic acid, pH 6 2, the natural product gives 
rise to a compound which is heat-stable (^ e to autocla^ung at pH 6 0 to 
8 0), which gives a typical growth response curve vuth SFR and L citro- 
vorum, and which, after storage m acid (0 1 n HCl, 1 hour, 23“ in air) and 
autoclaving in the basal medium at pH 6 2, loses its activity for L citi o- 
vorum The urine product, dissolved in water and autoclaved 30 nunutes 
in an atmosphere of helium, is converted into a substance which m 0 1 n 
KOH possesses an absorption spectrum between 220 and 390 m/x resem- 
blmg that of CF (minimal at 240 to 245 m/z, maximal at 285 to 290 mjz) 
The properties of stabihty of the isolated urme product are those ex- 
pected of anhydrocitrovorum factor Upon bemg autoclaved m ascorbic 
acid solution, it was completely converted (purity of 88 per cent based on 
comparison with anhydroleucovorin at 360 mu, Fig 1) to CF with a ratio 
of SFR to CF activity of 1 (Table VII) When the sample was diluted m 


Table VII 

CF and SFR Growth Activities of Natural Product 
The values are given in micrograms per 100 y 



Added asepticaUy m 
ascorbic acid’ 

Autoclaved in 
ascorbic acid 

Autoclaved m basal 
medium 


CF 

SFR 

CF 

SFR 

CF 

SFR 

1 

Urine product 

92 

91 

89 

86 

<2 5 

65 


Each value represents the average of four assays 
* Medium supplemented to contain 600 y of ascorbic acid per ml 


ascoibic acid (5 mg per ml , pH 6 2) and added asepticaUy to previously 
stenhzed media, the same results were obtamed The CF activity was 
lost duimg autoclaving in the absence of leducmg agents, and a i eduction 
m SFR activity also resulted The latter loss is due m part at least to 
cleavage of the compound between the 6-methylene bridge and the anuno 
gi oup of p-anunobenzoylglutaimc acid resulting m the liberation of a diaza- 
tizable aiyl anune 

The natural product, when mjected subcutaneously, is eqmvalent to FA 
111 supporting the growth of the chick A concentrate of the labile urine 
factor, calculated fiom its microbiological activity to contain the equivalent 
of 68 7 of FA per 100 y of solids, was dissolved and diluted m 0 5 per cent 
ascorbate, pH 6 2, and its activity was compared v ith that of FA dis- 
soh’-ed in the same solvent Six separate doses of 8 7 of active material in 
0 5 ml of ascorbate solution were mjected during a period of IS da 3 's At 
this time the aveiage weight gams of the animals were as follows control 
animals (ascorbate only), 42 gm , FA group, 185 gm , urme product group. 
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187 gm Each group' consisted of three animals, and the average v eight 
of the chicks at the stait of the trial was 71 gm These results are con 
sistent mth those reported by Jukes on the growth responses of chicks to 
anhydroleucovorin (11) 

The product isolated possesses stabihty and groudh properties for L 
citrovorum which are the same as those of a substance present in fresh ivhole 
urine (2) In order to obtam additional evidence that the isolated product 
was initially present m whole urme and not altered during isolation, chro 
matographic studies were undertaken A subject ingested 175 mg of FA 
and, to 20 ml aliquots of the voided urme, 10 mg of ascorbic acid vere 
added and the aliquots stored m the frozen state The concentrations of 
CF-active materials m these specimens are shown m Table VIII The 
specimens were thawed, spotted on paper together with the reference com 

Table VIII 


A-ppearance of CF Activity in Urine after Ingestion of Folic Acid 






CF activity per ml 

Sample 

Time 

Volume voided 

pH 

Autoclaved in 
ascorbic acid 
solution 

Autoclaved w 
basal mediuji! 

A 

hrs 

3 

185 

6 62 

y 

0 65 

7 

0 057 

B 

5 

340 

5 70 

0 58 

0 055 

C 

7 

70 

5 31 

5 80 

0 460 

D 

9 

85 

5 40 

3 10 

0 290 


175 mg of folic acid ingested by mouth at 0 hours 


pounds, and chromatographed Acidic solvents consistmg of propanol, 
butanol, and 0 1 n HCl or 5 per cent acetic acid m water-saturated butanol 
were used for development In these solvents JV-lO-formyl-THFA would 
rmgrate as anhydrocitrovorum factor Urme Samples C and D and the 
natural and synthetic products each showed, at the same location, a light 
blue fluorescent spot In all trials with these solvents, the light blue 
fluorescent matenal m urme migrated identically vnth the purified natural 
mateiial and the synthetic sample The addition of either of these to unne 
Samples C or D did not give rise to an additional spot but did result in 
increased intensities of fluorescence If the urme specimens were frd 
autoclaved for 10 mmutes at 10 pounds, the biological activity for L citr^ 
vorum was reduced to the values shown m the last column of Table U i 
and the characteristic light blue fluorescent spot no longer appeared m 
chromatograms The spot characteristic of anhydroleucovoiin did n® 
appear when Ca leucovorm alone or Ca leucovorm added to normal unn® 
was chromatographed in these acidic solvents 
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In aqueous formic acid, the whole urme specimen demonstrated no typi- 
cal fluorescent areas in the anhydrocitrovorum factor zone This was 
probably due to the low concentration of active material (<10 7 per ml ) 
The isolated natuial and synthetic products were difficult to render visual 
in this solvent vuth the relatively high concentrations employed (50 7 per 
ml) 


DISCUSSION 

The data reported are consistent with the view that the factoi lesponsible 
foi the bulk of the CF activity of urme has been obtained m a purified 
state m the form of anhydrocitiovorum factoi Under anaerobic condi- 
tions anhydrocitiovoium factor is m eqmhbrium with iV-lO-formjd-THFA, 
and the existence of the rmg form is favored by high H ion concentrations 
(6, 7) The rmg compoimd m solution is the more stable of the two {t e 
IS less susceptible to oxidation) No attempt has been made to separate 
these two activities, but the isolation procedure has been such that any 
N-lO-formyl-THFA imtiaUy present would tend to be converted to an- 
hydrocitrovorum factor The stability, growth, and chromatographic 
properties of the isolated material are in agreement with those of the active 
material present m freshly voided urme It would thus appear that the 
material isolated is not an artifact formed m the isolation procedure 
The cheimcal mterrelationships of the reduced and formylated deriva- 
tive of FA have been described m detail by May et al (6) and moie re- 
cently by Nichol et al (3) In view of the mterielationships of these com- 
pounds, the source of the iV-lO-formyl-FA reportedly found m urme (2) 
becomes apparent Rmg openmg at pH 7 0 of the anhydrocitrovorum 
factor would give rise to iV-lO-formyl-THFA, and prolonged exposure to 
air would result m the formation of N-lO-formyl-FA 
The possibility that some of the CF imtiaUy present m the urme had 
been converted to anhydrocitrovorum factor cannot be rigorously ex- 
cluded However, in the mitial precipitation procedure at pH 2 5 and 0°, 
the bulk of the preformed CF was rejected m the filtrate Therefore, 
quantitative consideiations render unlikely the possibility that any sigmfi- 
cant fraction was derived from CF mitially present (Table I) 

Greenberg has shown that the 1-carbon unit of N-lO-formyl-THFA and 
anhydiocitrovorum factor may be donated directly to 5-anuno-4-irmdazole- 
carboxamide-5'-phosphoriboside to form inosme 5'-phosphate For a con- 
sideration of the significance of enzymatic reactions mvolved m the S3m- 
theses and transformylations of these reduced and formylated derivatives 
of FA, the reader is leferred to the work of Greenberg (12, 13) and of 
Gieenberg and Jaemcke (12-14) 

According to the properties pubhshed, it seems likely that the products 
described by Nichol et al (3), Wacker et al (4), and Deodhar cf al (5) are 
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identical with or closely related to anhydrocitrovomm factor or J7-io 
formyl-THFA 


SUMMART 

A heat-labile material which supports the growth of Leuconosioc ciiro- 
vorum has been separated from human urme m a highly purified state 
The isolated material possesses the stability, biological, spectrophotomet 
ric, and chromatographic properties of anhydrocitrovomm factor {N-h to 
iV-10 bridge compound) It is concluded that the bulk of the growtl 
supportmg activity for L cilrovorum which occurs m human urine after a 
test dose of folic acid is due to anhydrocitrovomm factor and A-lO-forni}! 
tetrahydrofohc acid 

The authors are mdebted to Dr G M Briggs and Dr M R Fox foi 
determinmg the growth activity of the isolated material m the chid 
They wish to thank J D Silverman for assistance given during the prep- 
aration of the charcoal adsorbates 

Addendum — ^The observations of Albrecht and Broquist (16) are in agreement 
with the present findings 
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CHICIiEN LIVER GLUTAMIC DEHYDROGENASE* 

By JOHN E SNOKE 

{From the Department of Physiological Chemistry, University of California, 

Los Angeles, California) 

(Received for publication, May 7, 1956) 

During the couise of fiactionation of chicken hver extracts, it was ob- 
served that glutamic dehydrogenase could be obtamed in the crystalline 
form after a few simple purification steps The procedure used in the 
isolation of glutamic dehydrogenase of chicken hver as well as some of the 
properties of the crystalline enzyme are described m the present communi- 
cation Although the chicken liver enzyme appears to be similar to the 
crystalline glutamic dehydrogenase from beef hver (1-3) previously de- 
scribed, the present results are reported m view of the simphcity of the 
isolation procedure and the availabihty of the startmg matenal 

Materials and Methods 

The pyndme nucleotides were the products of the Sigma Chemical Com- 
pany, and ribose nucleic acid, L-glutamic acid, and a-ketoglutaric acid 
were purchased from the Nutritional Biochemicals Corporation The le- 
agent solutions were prepared as descnbed by Olson and Anfinsen (1) 

Enzymatic activity was deternuned by measurmg the change of optical 
density of the reaction mixture at 340 mp m a model DU Beckman spec- 
trophotometer The composition of the reaction mixtures is described 
under “Results,” in all cases the reaction havmg been mitiated by the 
addition of the enzyme The amount of enzyme added to the reaction 
mixture was chosefi so that the rate of the reaction was proportional to 
enzyme concentration and essentially hnear for at least 5 mmutes Unless 
otherwise mdicated, enzymatic experiments were carried out nith three 
times crystalhzed glutamic dehydrogenase 

For comparative purposes, the activity of the enzyme was defined in 
the same manner as that described by Olson and Anfinsen (1) The activ- 
ity (AF) was termed the change m optical density in 5 mmutes (hght path 
= 1 cm ), while the specific activity was defined as the change m optical 
density in 5 mmutes per mg of protem m 1 ml of reaction mixture Pro- 
tein concentrations were determmed by the method of Bucher (4) 

^ * Supported bj”- a research grant (No E-978) from the Division of Research Gr ints, 
National Institutes of Health, United States Public Health Sernce 
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Results 

Punjicatton of Enzyme — Unless otheiwise specified, all fractionation pro 
cedures were earned out at 0° An acetone powder, piepaied m the con 
ventional manner from fiozen chicken fiver, ^ was stiired foi 1 fioui \nth 
10 volumes of 0 05 m phosphate buffer, pH 7 4, and the mL\tme centrifuged 
to yield the crude extract To each htei of extract were added 122 ml 
of ribose nucleic acid solution (50 gm of nucleic acid and 7 5 ml of 1 n 
sodium hydroxide per 100 ml ) and 204 ml of 95 per cent ethanol During 
the dr op wise addition of the ethanol, the solution was stuied and cooled 
gradually to —5° The mixture was adjusted to pH 6 75 with 2 m acetic 
acid, stiried foi 15 minutes, and centrifuged at —5° The precipitate as 
discarded At a temperature of —5°, the supernatant flmd was adjusted 
to pH 6 25, stirred 15 mmutes, and the precipitate collected by centrifuga 
tion The precipitate was dissolved m a volume of water approximately 
one-sixth that of the crude extract To the resultmg solution was added 
0 6 volume of a saturated ammomum sulfate solution (saturated at 0°), 
and, after adjustmg the pH to 8 1 xvith 3 0 m ammonimn hydioxide, the 
mixture was stured for 30 mmutes The precipitate was collected by 
centrifugation at 20,000 X p for 15 mmutes and dissolved m a numma! 
volume of water Withm a few mmutes, crystalhzation of glutamic de 
hydrogenase occuried, as mdicated by a pronounced silky sheen of the 
imxture when stirred Crystallization was allowed to continue overnigbf 
and the precipitate was collected by centrifugation Recrystalhzation vSi 
earned out by dissolvmg the crystals in 0 1 m potassium phosphate buffer, 
pH 7 4, at room temperature, adding 0 1 volume of saturated ammonium 
sulfate, and allowmg the mixture to stand overnight m the cold The en 
zyme crystaUized as thin hexagonal plates which were readily visible in a 
microscope 

Occasionally, the precipitation of the enzyme durmg the first crystalh 
zation was mcomplete In this case, 1 0 volume of saturated ammonium 
sulfate was added to the supernatant fluid, the precipitated protein col 
lected by centrifugation, and the crystalhzation step repeated A sum 
mary of a typical fractionation is given m Table I 

The enzyme was completely stable foi at least 6 months when kept at 
— 15° m 0 1 M phosphate buffer, pH 7 4 In the purified state, the enzyme 
became rapidly inactivated if diluted m the absence of salt, and vas also 
mactivated at pH 8 0, under conditions used for the assay This latter 
inactivation was pi evented by cairymg out enzymatic expeiiments m 
presence of 0 05 pei cent serum albumin 

Efect of Enzyme Concentration — ^In Fig 1 is shovm the proportiona i ) 

* A number of different commercial products u ere used without any noticeatl 
difference 
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between the concentration of the crystalline enzyme and the oxidative 
deamination of glutamate by DPN as well as the reverse reaction Under 
the conditions described m Fig 1, legend, the specific activity of glutamic 


Table I 

Putificahon of Glutaimc Dehydrogenase 


Fraction 

Volume 

Protein 

Specific 

activity 

Total 

activity 

Extract 

ml 

1300 

ms per ml 

32 5 

3 30 

per cent 

100 

Nucleic acid-ethanol ppt 

200 

37 5 

15 1 

81 

Ammonium sulfate ppt 

25 

52 3 

47 5 

44 

Crude crystals 

12 0 

25 0 

111 

24 

Recrystallized once 

10 0 

13 6 

155 


“ 3 times 

3 5 

18 6 

183 



The starting material was 155 gm of acetone-dried chieken liver The activities 
of the various fractions were determined at pH 8 0 and 23° The reaction mixtures, 
3 0 ml in volume, contained 0 167 m Tris buffer, 0 0133 m L-glutamate, 2 0 X 10"* n 
DPN, and 0 05 per cent serum albumin 



z 

o 

D 

X 

o 


CL 

D 


ja 

< 


Pig 1 The effect of enzyme concentration on the initial reaction rate The 
experimental conditions for glutamate oxidation (•) nere identical to those given 
in Table I Experiments in which the reverse reaction was measured (O) were car- 
ried out at pH 7 6 and 23° in the presence of 0 167 m Tris buffer, 1 5 X 10~* M DPNH, 
0 IS M ammonium chloride, 1 11 X 10"^ m a-ketoglutarate, and 0 05 per cent serum 
albumin 


deh3'^drogenase v as 183 when the oxidation of glutamic acid bj’’ DPN* u as 
measured and 1350 when the rexmise reaction vas studied l^fiien DPN 

'The follomng abbreviations were used Tris, tns(hydroximetlnl)aminonieth- 
ane, DPN, diphosphop 3 'ridine nucleotide, DPNH, reduced diphosphopi ndine nucle- 
otide 
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was leplaced by an equimolar concentration of tiiphosphopyridme nucleo- 
tide, the rate of glutamic acid oxidation was one-thnd the late observed 
with DPN 

Effect of pH — The effect of pH on the oxidation of glutamic acid Ijj 



Fig 2 Effect of pH on glutamic dehj'drogenase activity The experimental con 
ditions for the oxidation of DPNH by a-ketoglutarate and ammonium clilonde (•) 
were identical to those given in Fig 1 The experimental conditions for glutamate 
oxidation were identical to those given in Table I except for the buffer Buffer u^ed, 
(O) 0 167 M Tns, (A) 0 167 m potassium phosphate 


Tabi/E II 

Inhibition of Glutamic Dehydrogenase by Salts 


Salt added 

Relative activity 

Salt added 

Relative actmty 


per cent 


per cenl 

None 

100 

0 1 M NajHPOi 

77 

0 1 M KsHPOi 

60 

0 1 M KCl 

92 

0 1m NajSOi 

100 

0 2 M KCl 

85 

0 3m NaCl 

100 

0 1m NaNOa 

40 


The oxidation of glutamic acid by DPN was determined in the presence of the 
above salts under the conditions given in Table I 


DPN and on the oxidation of DPNH by ammonia and a-ketoglutarateis 
seen in Fig 2 The oxidation of glutamic acid proceeds maximally at pn 
8 0m both Tris and phosphate buffers, but the rate at pH 8 0 m phosphafe 
buffer is only 50 per cent of that observed m Tns buffer The rate o 
DPNH oxidation m Tns buffer is optimal at pH 7 6 Like the oxidation 
of glutamic acid by DPN, the reverse leaction is also mhibited by 
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phate At pH 7 6m Tris buifei, the rate of DPNH oxidation was inhibited 
34 per cent when 0 1 ai potassium phosphate was added 
Salt Inlnbthon — The mhibition of glutamic dehydrogenase by a number 
of salts IS shown m Table II The lower activity of the enz 3 TOe m potas- 
sium phosphate buffer, as compaied to that observed m Tris buffer (Fig 2), 
IS due to the mhibition by potassium as well as phosphate ions, smce both 
sodium phosphate and potassium chloride are mhibitory This inhibition 


sxl03 (GLUTAMATE) 

10 20 30 



sxiO'^lDPN) 

Fig 3 Effect of substrate concentration (S), on glutamic deh} drogenase activitj’’ 
in the absence (solid symbols) and presence (open symbols) of 0 1 m potassium phos- 
p late The experimental conditions were identical to those given in Table I, except 
t lat the concentration of DPN (O,#) and glutamate (A, A) vere varied The 
amount of enzyme present in each case uas 3 6 X mg per ml 


is not related to ionic strength smce both sodium chloride and sodium sul- 
fate at an ionic strength of 0 3 had no effect on enzjnnatic activity The 
inhibition of glutamic dehydrogenase by nitrate ions is et'^en more effective 
than by phosphate 

It was of interest to deteimme Avhether the inhibition b}" phosphate 
Avas of a competitive nature Foi this purpose the effect of glutamate and 
DPN concentration on enzjmiatic actmty aaus deteimmed m both the 
presence and the absence of potassium phosphate The results obtained 
A\ere plotted accoiding to one of the equations of LmeAieaiei and Burk 
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(5), as shovTi in Fig 3 If the inhibition by phosphate was competitne 
it would be expected that the maximal velocity which is given bj'- the slope 
of the hnes plotted m Fig 3 should be mdependent of the presence of phos 
phate The data m Fig 3 show that mcreasmg the concentration of either 
glutamate or DPN does not oveicome the mhibition by potassium phos 
phate, and therefoie the inhibition is of a non-competitive type TheA^ 
values calculated from the data m Fig 3 were 2 0 X 10~^ M for glutamate 
and 6 1 X 10~^ m for DPN 


DISCUSSION 

The present enzyme appears to be similai to the glutamic dehydrogenase 
of beef hver previously described (1-3) The specific activity and pH 
optimum of the enzymes are approximately the same when determined 
under identical conditions Both enzymes are inhibited by salts, although, 
under the conditions used foi studying the chicken hver enzjune, the in 
hibition IS observed at lov er salt concentrations and is not related to ionic 
strength The nature of the salt inhibition is not clear 

SUMMARY 

By means of a simple fractionation procedure, glutamic dehydrogena'e 
has been isolated m the crystalline form from extracts of acetone-dned 
chicken hver The procedure is based on piecipitation with nucleic acid 
and ammonium sulfate fractionation The pH optimum of glutamic acid 
oxidation by DPN was found to be 8 0, while the leverse reaction had a 
pH optimum of 7 6 
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PENTOSE METABOLISM IN WHEAT SEEDLINGS* 

By V GINSBURG and W Z HASSID 

{From the DeparUnent of Agricultural Biochemistry, College of Agriculture, 
University of Califoinia, Berkeley, California) 

(Received for publication, December 20, 1955) 

Plants contain large quantities of pentoses, chiefly xylose and L-arabi- 
nose, which exist in combined form m polysaccharides such as hemicellu- 
loses or gums Free pentose sugars are not encountered m plants m any 
significant amounts 

Comparatively httle is known about pentose metabohsm in plants 
Earlier experiments, m which plants were mfiltrated with hexose sugars, 
such as glucose, fructose, mannose, or galactose, showed that sucrose was 
synthesized in vitro at the expense of these monosaccharides Smce no 
mcrease of sucrose could be observed when xylose or L-arabmose was mfil- 
trated, it was assumed that pentose sugars are not utilized for conversion 
into hexoses (1) However, subsequent experiments in this laboratory 
showed that, when C^Mabeled pentoses were mtroduced mto Canna plants 
or wheat seedlmgs and the plants were allowed to metabohze, the sucrose 
isolated from the alcohohc extract was found to be radioactive, although 
no net mcrease m this disaccharide could be demonstrated during the meta- 
bolic period 

In the present work, experiments were conducted with C^^-labeled car- 
bohydrates m an attempt to deterimne the mechamsm of transformation 
of hexose to pentose sugars, and the reverse, pentose to hexose sugars 

Materials and Methods 

Radioactive Sugars — ^Xylose-l-C*^ was obtamed from Dr H S Isbell 
(National Bureau of Standards) Glucose-l-C^^ vas piepared by an adap- 
tation (2) of the method of Isbell et al (3), and uniformly C“-labeled glu- 
cose was piepared by Dr E W Putman (4) m this laborator}’- 

Uniformly C^Mabeled xylose and L-aiabmose vere isolated from the 
hemicelluloses of Canna leaves, which had been subjected to photosynthesis 
foi 24 houis in the presence of 50 pc of C''’02 (4) The leaves vere ex- 
tiacted with 70 pei cent ethanol, and the diied residue (1 7 gm ) was hydro- 
lyzed with 400 ml of 1 N sulfuric acid under a reflux condenser for 3 hours 

* This vork Was supported in part by a research contract with the United States 
Atomic Energy Commission 

Part of this paper v as presented at the meeting of the Western Section, American 
Societj of Plant Physiologists, Pasadena, June (1955) 
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The resulting suspension was filtered, the filtrate neutralized with barium 
hj’-droNide, the barium sulfate precipitate filtered, and the solution conceii 
trated in vacuo to a syrup (0 58 gm ) The syiup was taken up m 1 5 ml of 
water and applied as even bands 15 mches long on four filtei paper sheets 
(Whatman No 1, 17 X 22 mches) paiaUel to the longer edges 

In Older to separate the pentose from the hevose sugars, the paper sheets 
were developed in a butanol-acetic acid-watei mL\tme (5) for 48 hours, and 
the position of the radioactive sugais was located by exposmg the dned 
sheets to Eastman Kodak “no screen” x-iay film The band containing the 
pentoses was eluted with water and the solution was rechromatogiaphed 
for 48 hours m a water-saturated phenol solution (5) Development in 
this solvent separated the xylose from the L-aiabmose sufficiently so that 
the two pentoses could be eluted mdividually In this manner, 130 itc 
of xylose and 60 )uc of L-aiabmose were isolated, both pentoses having a 
specific activity of approximately 2 5 (xc per mg Deteimination of the 
actinty m the mdividual carbon atoms of the pentose chams (see “Deg 
radation of sugars”) showed that the activity was approximately equallj 
distnbuted among all five carbon atoms of both pentoses 

Absorption of Sugars by Wheat Seedlings — The method used for mcorpora 
tion of the radioactive sugars has been previously described (6) 3 day old 

wheat seedhngs weie separated from the gram and placed m aerated so 
lutions of radioactive sugars of approximately 0 1 per cent concentration 
At appropriate times the seedhngs were removed from the solution and the 
radioactive compounds formed were isolated 

Isolation of Radioactive Carbohijdrates — The isolation of radioactive su 
crose produced from the C^*-labeled sugars and the resolution of the disac 
charide to its monosaccharide constituents have been pieviously described 
(6) The method mvolves paper chromatography of the ethanol extract 
of the seedhng to isolate the sucrose, hydrolysis of the sucrose by invertase 
and the subsequent separation of the invert sugars by paper chromatog 
raphy 

Glucose, galactose, xylose, and L-arabmose were isolated from the acid 
hydrolysate of the hemicellulose of the wheat seedhngs as follows In a 
typical experiment, the residue fiom 100 70 per cent ethanol-extracted 
seedhngs (dry weight, 0 3 gm ) was suspended in 20 ml of 4 per cent sodium 
hydroxide The suspension wms stuied ivith a mechanical stirrer for 24 
hours at room temperature and then filtei ed The residue was suspended 
m 5 ml of water and filtered again The combmed filtrates vere acidi 
fied to pH 4 5 mth concentiated hydrochloric acid and diluted vuth au 
equal volume of 95 per cent ethanol After standmg for 24 hours at 0 j 
the resultmg crude hemicellulose precipitate was centnfuged and was e 
consecutively with 70 per cent ethanol, 95 per cent ethanol, and twice 



V GINSBURG AND TV Z HASSID 


279 


TVith acetone The dried material (43 mg ) Tvas dissolved m 10 ml of 1 
N sulfuric acid and heated m a sealed tube at 100° for 4 hours The 
hydrolysate Tvas neutrahzed TTith barium hydroxide and, after filtration 
of the baiium sulfate precipitate, the solution v’^as concentrated %n vacuo 
to a syrup The isolation of xylose and L-arabmose from this syiup Tvas 
earned out as described for the isolation of the uniformly C^Mabeled pen- 
toses from Canna leaves The separation of four monosaccharide constit- 
uents was effected by two-dimensional paper chromatography of an ahquot 
of the syrup contammg about 1 mg of total sugars, first m water-saturated 
phenol and then m butanol-acetic acid-water The separated sugars were 
located by exposure to x-ray film and then eluted mdividually It was 
previously shown (4, 6, 7) that radioactive sugars isolated from natural 
products by two-dimensional paper chromatography are devoid of signifi- 
cant contammation 

Degradation of Sugars — The glucose was degiaded through fermentation 
by Leuconostoc mesenteroides to CO 2 , ethanol, and lactic acid, a method 
origmated by Gunsalus and Gibbs (8) The products of fermentation were 
further degraded chemically to then- mdividual carbon atoms by the method 
of Katz et al (9) Details for this procedure are given m a previous pub- 
lication (6) 

The xylose and L-arabmose were degraded through fermentation by 
Lactobacillus pentosus to acetate and lactate by the method of Gest and 
Lampen (10), and the products Tvere further degraded by chemical means 
(9) 

Determination of Radioactivity — The activity m the barium carbonate 
obtamed from the degradation of the sugars was estimated, 10 to 15 mg 
samples plated on alummum disks bemg used, by means of a Berkeley 
decimal scaler (model No 2105) eqmpped with a lead-shielded, 1 mch end 
wmdoTv Geiger tube (7) Corrections for self-absorption of the samples 
Tvere obtamed fiom a standaid curve 

The specific activities of the glucose, galactose, xylose, and L-arabmose 
were determined as foUoTvs Solutions of the sugars were obtamed after 
two-dimensional chromatography and subsequent elution of the hemicellu- 
lose hydrolysis products The concentration of the hexoses was quanti- 
tativebr deternuned on separate aliquots accordmg to the method of 
Somogju as modified by Nelson (11) and that of the pentoses b}’’ the 
method of Mejbaum (12) Aliquots of each solution were then dried on 
alummum disks and counted 

The amounts of actmt}’’ m the ethanol-extractable compounds formed 
from uniformly C^Mabeled xylose T\ere estimated directly on two-dimen- 
sional chromatograms wuth a Tracerlab SU-3A rate meter supplied wuth a 
Geiger counter (10) This instrument can be read with an accuracy of 
±5 per cent of the full scale deflection m ranges of 200 to 20,000 c p m 
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Results 

Ahsoipiion of Hexoses — ^The distribution of C“ activity in the pentose 
sugars isolated fiom the hemicelluloses formed in the wheat seedlings after 
absorption of glucose-l-C^^ is shown in Table I, the major pioportion of 
the activity m both pentoses residmg m C-1 Significant amounts i\ere 


Table I 


Per Cent Distribution of in Hemicellulose Pentoses of Wheat 
Seedlings after Absorption of Glucose-1 


100 seedlings (450 mg ) were incubated for 2 hours at 22° in 10 ml of medium con 
taming 5 mg of glucose-l-C‘^ with a total activity of 37 ftc The values were ob 
tamed by L pentosus degradation and are expressed as percentages of the total 
activity recovered as BaCOa 


Carbon atom No 




2 

3 

B 

s 

Xylose 


n 

m 

n 

5 9 

L-Arabmose 

■tl 

H 

n 

B 

6 6 


Table II 

Comparison of Amount of C^* Incorporated into Hemicellulose Monosaccharides 
after Absorption of Uniformly C^*-Labeled Glucose and Glucose-l-C^* 

In both ex-penments, forty seedlings (180 mg ) were incubated for 8 hours at 
22° m 4 ml of medium containing 15 mg and 25 /ic of uniformly C'^-labeled glucose 
and glucose-l-C^^, respectively 


Sugar absorbed 

Specific activity of hemicellulose 
monosaccharides, /ic per mg 


Glucose 

Galactose 

Xylose 

jL-Arabino=c 

Glucose-l-C*^ 

0 043 




Uniformly C'^-labeled glucose 

0 046 


llllB 

Ib 


also found m C-3 and m C-5, while C-2 and C-4 contained virtually no 
activity 

For comparison, the glucose and fructose from sucrose, and the glucose 
from hexose phosphate and from cellulose, were simultaneously isolated 
from the same seedhngs, and the distribution of activity in their carbon 
atoms was determmed (6) In agreement with the previous results (O); 
C-1 of all the hexoses contamed approximately 75 per cent of activity) 
while C-6 contained about 20 per cent 

Table II represents a comparison of the results of an experiment in winch 
two lots of wheat seedhngs were treated m an identical manner and m- 
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cubated with the same quantity of C*^-labeled glucose, with the difference 
that the glucose m one lot was uniformly labeled m all carbon atoms while 
that in the other lot was labeled only m C-1 Comparison of the specific 
activities of the glucose, galactose, xylose, and L-arabmose isolated from 
the hemicelluloses of the two lots shows that they are approximately the 
same whether unifoimly C^Mabeled glucose or glucose-l-C^^ was supphed 
to the plants 

Ahsor'ption of Pentoses — ^Piehmmaiy experiments with both uniformly 
labeled xylose and n-arabmose mdicated that, hke the hexoses, these 
pentoses were readily mcorporated mto sucrose and sugar phosphates 
Treatment of the sucrose with mvertase showed its activity to be 
approximately evenly divided between the glucose and fructose moieties 
Treatment of the sugar phosphates with Armour mtestmal phosphatase 
showed their activity to reside mamly m glucose and fructose deriva- 
tives 

The rate of incorporation of uniformly C^^-labeled xylose mto the ethanol- 
extractable carbohydrates was studied as follows Each of six lots con- 
sistmg of ten seedhngs was placed m 10 ml of water contammg 6 mg of 
uniformly C^Mabeled xylose, mth a total activity of 15 juc (1 ^c equals 
approximately 2 X 10® c p m by the Geiger counter used m this work) 
Lots were consecutively removed from the solution after 15 mmutes, 1 hour, 
and 2 hours, and immediately extracted with ethanol The three remam- 
mg lots were simultaneously removed from the radioactive solution at the 
end of 2 hours, washed thoroughly with water, and replaced m a solution 
of unlabeled xylose of the same concentration These lots were removed 
after 1, 2, and 6 hours, and each sample upon removal was immediately 
extracted with ethanol Aliquots of the ethanol extracts from all the 
samples were chromatographed two-dimensionally first m water-saturated 
phenol and then m butanol-acetic acid-water, and the activity m the 
ethanol-extractable compounds was estimated 

The results in Fig 1 show that the incorporation of total activity mto 
hexose phosphates and sucrose was rapid during the absorption of C*^- 
labeled xjdose However, after the seedhngs v ere placed m the unlabeled 
xylose solution, the activity m the hexose phosphates immediately de- 
creased, while the activity in sucrose continued to increase for about an 
hour The susequent decrease in sucrose activity comcided with the ap- 
pearance of activity in the free monosaccharides, glucose and fructose 

The distiibution of activity in the carbon atoms of glucose isolated 
from the sucrose formed m the vheat seedhngs after absorption of xylose- 
1-C» IS shovm in Table III Carbon atoms 1, 3, 4, and 6 contained the 
major proportion of activity 

The distribution of m the xylose and L-aiabinose of the hemicellu- 
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loses eliminates the he\ose monophosphate shunt mvolvmg the decarboxy 
lation of the C-1 of glucose-6-phosphate as a mechanism for their formation 
If these pentoses were formed by such a mechamsm, the would be pre 



TIME OF ABSORPTION IN HOURS 

Fig 1 Incorporation of into the ethanol-extractable compounds of wheat 
seedlings by absorption of uniformly C^^-labeled xylose The dashed line represents 
absorption of uniformly C'^labeled x 3 dose, solid line, absorption of unlabeled xylose, 
O, total activity in major components of ethanol extracts, ■, total activity 
in hexose phosphates , A , total actmty in sucrose , • , total activity in glucose, 
▲, total activity in fructose 


Tablk III 

Per Cent Distribution of C^* in Glucose Moiety of Sucrose 
after Absorption of Xylose-l-C^* 

85 seedlings (380 rag ) were incubated for 2 hours at 22° in 10 ml of medium con 
taming 10 mg of \ylose-l-C‘^ with a total actinty of 6 /ic The values were obtained 
by degradation of L mesenteroides and are expressed as percentages of the total 
activity recovered as BaCOs 


Carbon atom No 



1 

2 

3 

4 

s 

6 

actixnty, % 

49 1 

2 0 

20 5 

8 6 

1 0 

18 8 


dommantly m C-6, as the endogenous glucose-6-phosphate is labeled m 
C-1 and C-6 (6) This conclusion was also reached by Neish (13) fiom Ins 
work on the metabohsm of xylose m xx^heat plants The quantitative 
differences between his data and ours may be due to differences in the age 
of the plants, the duration of the experiments, or the methods of intro- 
ducmg the radioactive sugars 
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Since the specific activities of the hemicellulose pentoses aie small in 
compaiison to the specific activity of the glucose- 1-C^^ absorbed (Table 
II), the possibility must be considered that the observed m these pen- 
toses might have oiigmated from minor pathways of pentose synthesis 
This possibility is excluded by the othei data in Table II vhich show that 
the specific activities of the hemicellulose hexoses and pentoses are the 
same after absorption of either uniformly C^^-labeled glucose or glucose-1- 

C14 

The fact that, after placing the wheat seedhngs mto unlabeled xylose 
solution, the activity of the hexose phosphates immediately decreased v hile 
the activity of the suciose contmued to inciease (Fig 1), indicates that the 
initial steps m the utilization of xylose by wheat seedhngs may be a con- 
version to hexose phosphate followed by mcorporation mto sucrose The 
distribution of m the glucose obtained from sucrose after the absorp- 
tion of xylose-l-C^'* (Table III) is in accord with the mechanism pioposed 
by Gibbs and Hoiecker (14) foi the conversion of ribose-5-phosphate-l-C^^ 
to hexose phosphate by pea loot prepaiations These workeis found 70 
per cent of the m the C-1 and 29 per cent m the C-3 of the hexose phos- 
phate formed If a similar mechanism for the conversion of pentose to 
hexose is active in vivo in wheat seedhngs, this distribution would be com- 
phcated by approximately 20 per cent randomization between C-1 and 
C-6 and C-3 and C-4 of the hexose phosphate foimed because of a leversal 
of glycolysis (6) This randomization would result m a C*^ distribution 
that agrees closely with the observed distribution (Table III) It is pos- 
sible, therefore, that the mechanism involving tiansaldolase and tians- 
ketolase proposed by Gibbs and Horecker (14) to explam then results in 
vitro may also be operative in wheat seedhngs in vivo 

SUMMARY 

The interconversion of hexose and pentose was studied m activel}’’ me- 
tabolizing wheat seedhngs From the distiibution of C^'* m the carbo- 
h3'^drates arising from the absoibed monosaccharides, it vas concluded that 
the conversion of hexose to xjdose and n-arabmose does not involve a C-1 
decarboxjdation and that the conversion of xjdose to hexose phosphate 
maj’’ involve the action of transaldolase and tiansketolase 
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ENZYMATIC BASIS OF RESISTANCE TO AUREOMYCIN 


I DIFFERENCES BETWEEN FLAVOPROTEIN NITRO REDUCTASES 
OF SENSITIVE AND RESISTANT ESCHERICHIA COLI 

Bt ARTHUR K SAZ and L MARINA MARTINEZ 

{From the Section on Experimental Theiapeutics, Laboratory of Infectious Diseases, 
National Institute of Allergy and Infectious Diseases, National Institutes 
of Health, United States Department of Health, Education, 
and Welfare, Bethesda, Maryland) 

(Received for publication, March 7, 1956) 

Nitro reductase isolated from Aureomycm-sensitive Escherichia coli 
E26 catalyzes the i eduction of the mtro groups of chloramphemcol and 
PNB ^ These reductions are inhibited by low concentrations of Aureo- 
mycm (1) Cofactor reqmrements for the reduction were DPN and L-mal- 
ate (replaceable by DPNH), L-cysteme, and Mn++ (2-4) In addition, 
by analogy with non-bacterial systems (5, 6), a fiavm was postulated as 
an mtermediate carrier of electrons Recently a similar enzyme with 
essentially the same cofactor requirements has been extracted from an 
Aureomycm-resistant orgamsm derived from the parent sensitive strain 
The cell-free enzyme derived from the resistant cell was, however, resistant 
to inhibition by Aureomycm (7) The present communication presents 
data indicating that both Aureomycm-sensitive and -resistant mtro re- 
ductases are flavoprotems, the conjugated flavin m the former being rela- 
tively easily dissociated, while that in the lesistant enzyme is very firmly 
bound In addition, data will be presented indicating that the sensitive 
enzyme is a metaUoflavoprotein with manganese as the possible metal com- 
ponent The relationship of these findings to the mode of action of Aureo- 
mycin mil be discussed 


Materials and Methods 

Sensitive cells -were grovm, harvested, and extracted as previously de- 
sciibed (2) A 5 htei culture of resistant cells vas grown overmght at 
37 in a flask of phosphate-buffered peptomzed milk containing 60 y of 
Aureomycm per ml This suspension was used to inoculate 45 liters of 
Aureomycm-free medium at pH 7 0 and the total suspension was aerated 
vigorousljr at 37° for 18 hours Growth of the resistant organism for this 


* The abbreviations used are PNB, p-nitrobenzoic acid, DPN, diphosphopj ri- 
me nucleotide, DPNH, reduced diphospliopyndine nucleotide, FMN, fla\in mono- 
nucleotide, FMNHs, reduced flavin mononucleotide, FAD, flavin adenine dinuclco 
tme, TCA, trichloroacetic acid 
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period m the antibiotic-fiee medium did not lead to diminished resistance 
Resistant cells n ere harvested and extracted exactly as the sensitive cells 

Arjdamme vas determmed as pieviously desciibed (2) DPNH o\ida 
tion and FMN reduction veie followed m a Beckman DU speetrophotom 
eter by measuring the decrease m absoiption at 340 and 450 mjz, lespec 
lively Anaerobic expeiiments m the spectrophotometer weie carried 
out either m Thunbeig tubes fused to 10 mm Pyiex cuvettes- or in the 
cuvettes designed by Lazarow and Cooperstein ( 8 ) The former cuvettes 
were evacuated vuth a Cenco-Megavac pump and addition substances 
veie tipped m from the side arm, while the latter were made anaerobic 
by bubbling vnth mtrogen freed of oxygen by passage over coppei filings 
heated to 400° A black cloth was used to shield the tubes and photocell 
from stray light 

Free riboflavin, FMN, and FAD ivere determmed in the Coleman photo 
fluorometer, model 12C, by the method of Burch et al (9) Conjugated 
flavin was extracted from the somcally disrupted cells accordmg to War- 
bmg and Chiistian ( 10 ) Crude some extracts were purified as described 
m the text DPNH, FMN, and FAD (65 per cent) were products of the 
Sigma Chemical Company, St Loins Chloramphemcol was donated by 
Parke, Davis and Company, Detroit, and Aureomycm was a gift of the 
Lederle Laboratories Division, American Cyanamid Company, Pearl 
River, New York 

Flavin Requirement for Niiro Reductase — In distinction to the resistant 
enzyme, the requirement of the sensitive enzyme for exogenous flavin be 
came evident when extracts were fiactionated by acid (NH 4 ) 2 S 04 precipi 
tation An extract from somcally disrupted cells which had been dialyzed 
agamst cold, runmng tap water for 16 hours was centrifuged in the Spinco 
ultracentrifuge for 4 hours at 144,000 X g The supernatant solution was 
adjusted to pH 3 0 wath glacial acetic acid, then brought to 30 per cent 
saturation mth solid (NH 4 ) 2 S 04 The precipitate was collected and re- 
suspended m 0 1 M KHCO 3 and dialyzed agamst cold, runnmg tap water 
for 18 hours Undissolved material was centrifuged prior to use in assays 
Fig 1 show's a typical experiment in w'hich tins prepaiation w'as used 

Experimental vessels containing 0 05 m tns(hydroxymethyl)ammometliane 

buffer, pH 7 5, 6 6 X lO-^ m DPNH, 5 X lO-^ m L-cysteine, 3 X lO'" « 
chloramphemcol, 0 5 mg of enzyme protein per ml , and various FMh 
concentrations in a total volume of 1 5 ml -were incubated anaeiobically 
at 37° for 2 hours Stimulation up to 600 per cent by either FMN or FAP 
has been observed , riboflann w'as inactive This diastic treatment caused 

* We wish to thank Dr jM Weber, McCollum-Pratt Institute, The Johns Hopki^ 
University, Baltimore, hlaryland, for making available to us the design of tbe'C 
cuvettes 
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a loss of approximately 80 per cent of the total imits of enzyme, but some 
increase in specific activity was noted In latei experiments, the flavm 
reqmrement for the sensitive enzyme was demonstiated in the supernatant 
solution remainmg after piecipitatmg neutral 40 to 50 per cent (NH 4 ) 2 S 04 
fractions vuth 0 85 ml of 2 per cent piotamme sulfate® pei 100 mg of 



0 10-7 10-5 10-3 

fmn concentration 
(molar) 



Fig 1 Fig 2 

Fig 1 Stimulation of Aureomycin-sensitive nitro reductase by FiMN 
IQ 2 Stimulation of Aureomycin-sensitive nitro reductase by Mn++ Enzyme 
an e\perimental conditions similar to those experiments reported in Fig 1 except 
that no FMN was added 


piotem Apparently this treatment separated the reductase into its flavin 
component and apoenzyme 

It has not been possible to show a flavin requirement for the resistant 
enz^ie by either of these procedures 

alion Requirements of Sensitive and Resistant Nitro Reductase — It had 
previously been reported (3, 4) that in extracts from sensitive cells ]\In++ 
M as essential for arylamme formation when DPN and L-malate v ere used 

^ The protamine sulfate used in this experiment uas a product of the Nutntional 
solve Corporation Other commercial protamine preparations did not re- 
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as the electron donor sj’-stem In this crude system it was postulated that 
the requirement for the cation was due m part to the need of the oxalacetic 
o\ylase for Mn++ (The activated carboxylase, by removmg the o\alace 
tate formed as a result of malic dehydiogenase activity, caused a shift m 
equilibrium of the latter enzyme toward DPNH ) However, Fig 2 il 
lustrates that m more lesolved Auieomycm-sensitive leductase prepara 
tions, which are devoid of malic dehydiogenase activity, Mn++ is essential 
for electron transpoit beyond the locus of DPNH formation Similar 
stimulation has been obtained when Mn’’^' is added as K]\In 04 Con 
centrations of Mn++ greater than 5 X 10~^ m were toxic and precipitated 
the enzyme prepaiation In some experiments Mn++ and FMN produced 


Table I 

Flavin Content of Aureomycin-Sensihve and -Resistant Nitro Reductases 


Flav in content, 7 per mg protein 


Extract 



Ribofla\ in 

FAD 

FMN 

Total 

Sensitive 

Trace 

0 013 

0 12 

0 13 

Resistant 

(( 

0 079 

, 

1 99 

2 07 


Both extracts ^\ere prepared by collecting 40 to 50 per cent (NH^lsSOi fraction 
of an extract prepared by sonic disruption of cells This fraction was then dissolved 
in HjO, dial} zed, and treated with 0 85 ml of 2 per cent protamine sulfate (Nu 
tritional Biochemicals Corporation) per 100 mg of protein after adjustment to pH 
6 0 ith dilute acetic acid The supernatant solutions were then dialyzed over 
night and treated with Ca 3 (P 03)2 gel (0 75 mg per mg of protein) The superna 
tant solutions were dialyzed for 4 hours in the cold and analyses w^ere performed as 
indicated The purification of both sensitive and resistant extracts w as 22-fold 


an additive stimulation of the reductase In certam preparations, stimu 
lation approximately one-third to one-half that obtamed with nas 
observed with Mg++ and M 0 O 4 ” Additive stimulation by the various 
cations has not been observed On the other hand, the lequirement of 
the resistant extract for cation is not as marked as that of the sensitive 
enzyme Although aiylamme formation by purified resistant preparations 
was stimulated 10 to 25 per cent upon addition of 2 5 X 10~^ m Na2Mo04, 
dialysis of the extract agamst triple distilled H 2 O, KCN, NH3, Versene, 
or other chelatmg agents did not lesult m increased requirement for the 
metal 

Conjugated Flavin Content of Extracts — ^With 22-fold purified extracts 
prepared in a precisely similar manner, the sensitive extracts weie ver)' 
pale yellow in color, w^hile resistant enzyme preparations were strong!) 
yellow Table I mdicates that the bright yellow^ color of the resistan 
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enzyme resulted fiom the piesence of 16 times moie conjugated flavin than 
was piesent in the Auieomycin-sensitive piepaiation In both extracts, 
90 to 95 per cent of the flavin was FMN, the lemamdei vas FAD, with 
only traces of fiee iiboflavin The total flavin content pei mg of piotem 
increased 4- to 5-fold as the resistant enzyme was puiified, while that of 
the sensitive enzyme inci eased only slightly The absorption spectia of 
the twm enzyme preparations and of the conjugated flavins derived fiom 
them indicated that this yellow color w'as piimarily due to their flavin 
content The resistant extract had a large peak at 450 m^i, the sensitive 
extract, a baiely perceptible shoulder In both extiacts the flavin peaks 
disappeaied on leduction with Na 2 S 204 and leappeaied on subsequent oxi- 
dation It should be emphasized that the flavin of the resistant enzyme 
was firmly bound and lesisted long periods of dial}'^sis 

Function of Cysteine — Cysteine appears to function in a multiple capacity 
in both sensitive and resistant intro reductase One function of the cys- 
teine may be related to the fact that the enzymes are presumably — SH 
complexes, being inhibited fiom 25 to 95 per cent by p-chloromeicuii- 
benzoate at concentrations of 5 X 10~® to 5 X 10"^ m This inhibition 
can be reversed to the extent of 75 pei cent by 5 X 10~^ m cysteine 

It had previously been reported (1, 2) that cysteine w’as essential foi 
arylamine formation fiom both chloramphenicol and PNB It has now 
been established that the enzymatic reaction is a 2 electron i eduction In 
the absence of cysteine in a standard system (2) containing eithei sensitn’'e 
or resistant enzyme, buffer, DPNH, and PNB, a non-diazotizable inter- 
mediate accumulated This compound was showm to be p-nitrosobenzoic 
acid by the method of Feigl (11) Reduction of the intermediate w'lth 
cysteine, after precipitation of the reaction mixture bj’^ TCA, resulted m 
the formation of a diazotizable amme Synthetic p-nitrosobenzoate be- 
haved similarly It would thus appear that cysteine m this instance func- 
tions to reduce chemically the mtroso intermediate to a diazotizable amine 

Nevertheless, with regard to — SH leqmrement, ceitam significant dif- 
ferences exist betiveen Auieomycm-sensitive and -lesistant extiacts (7) 
D-Cysteine issomew^hat more effective than the l enantiomoiph m promot- 
lug aiylamine formation by the resistant enzyme, wRile the sensitive en- 
zyme forms 2 to 3 times more arylamine m the piesence of l- than in the 
presence of n-cysteine Consequently, it is postulated that cjsteme, m 
addition to its reducing capacity, functions m an as yet unknown manner 
in the enzymatic leaction 

Reduction of Nitro Group hy FMNHs in Sensitive Extracts— Table II 
shows that DPNH can serve as a source of elections for the reduction of 
FAIN The reduced flavin can then be used as an electron source for the 
reduction of the nitro group of chloramphenicol Similar results were 
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obtained iMth PNB as the election acceptoi The leaction between 
FhIKHa and — ^N02 is rapid, significant amounts of arylamine being formed 
uithin 1 minute This is in sharp distinction to the slow rate of —NO. 
icduction which occuis uhen oxidized FMN, DPNH, and the —NO. 
gioup aie piesent together initially 
Stoichiometiic amounts of DPNH aie oxidized with concomitant reduc 
tioii of FMN Howevei, the amount of FMNH2 oxidized is somewhat 
greatei than the amount of arylamine formed The lack of stoichiometrj 
in the lattei leaction is not at present clearly understood, but may be due, 
at least in pait, to residual amounts of O2 left in the cuvettes Tins 0 . 

Table II 


FMNH-> As Eleclron Donor for Chloramphenicol Reduction 


System 

Experiment 1 

Experiment 2 

DPNH 

oxidation 

FMNHj 

oxidation 

Aryl 

amine 

formed 

! 

i DPNH 
oxidation 

FMNHj 

oxidation 

Ar)l 

ammt 

formed 


mitmohs 

i»m»ohs 

miimoUs 

nipnioics 



Complete 

11 6 

8 2 

7 0 

! 11 9 


50 

Without chloramphenicol 

14 5 

1 0 

0 

11 9 

Wm 

0 


Tw 0 different enzymes ivere prepared as described in Table I 1 0 ml of enzyme 
(S30 7 of protein) , 0 05 M phosphate buffer, pH 7 5 , 6 6 X 10“' M DPNH, 1 2 X lO'* n 
Fh'IN , and 6 X 10"^ n L-cysteine in a total volume of 3 0 ml were incubated together 
for 30 minutes At this time either 0 3 ml of chloramphenicol (1000 7 per ml ) or 
0 3 ml of HjO ivas tipped in from the side arm and readings were taken for 2 nun 
utes The reactions were run in Lazarow-Cooperstein cuvettes ( 8 ), and changes in 
the optical densities were followed in a Beckman DU spectrophotometer at proper 
wmve lengths 

could conceivably leoxidize FMNH2 and lead, as a consequence, to m 
creased DPNH oxidation 

Analogous results to the above were obtained when the 1 educed flav® 
was non-enzymatically prepaied by reduction with Na 2 S 204 Excess re 
duemg agent was lemoved by bubbling with H2 

Reduction of Nitro Group by Reduced Flavoprotein of Resistant Extracts 
— Fi'hen DPNH and purified Aureomycm-resistant mtro reductase were 
incubated togethei anaeiobically with u-cysteine, the flavoprotein was 
rapidly reduced and lemamed so, piovidmg a small excess of DPNH was 
present Subsequent addition of chloramphenicol to the 1 educed enzp® 
caused complete leoxidation of the flavoprotein within 1 minute wath the 
accompanying formation of stoichiometiic amounts of reduced chloram 
phemcol 
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DISCUSSION 

It IS of consideiable interest that the Ameomycm-sensitive and -resistant 
nitro leductase pieparations differ so drastically m both flavin require- 
ment and composition and in apparent cation requirement The question 
arises as to whethei these diffeiences bear any lelationship to the mode 
of action of Auieomycin It is of course possible that the large amount 
of bound, conjugated flavin present in the resistant enzyme is able in some 
mannei to reverse the inhibitory activity of the antibiotic Though added 
FMN, FAD, 01 both together, did not reverse the inhibitory effect of 
Aureomycin on sensitive mtro reductase, it may be pertinent to note that 
riboflavm, among other compounds, has been reported to reverse the in- 
hibition, by the tetracyclines, of the growth of various microorgamsms 
(12, 13) 

An alternative hypothesis is based upon recent observations by Mahler 
and Gieen (14) and Nicholas and Nason (6, 15) These workers have re- 
ported, respectively, that various electron transport enzymes and the 
nitrate reductases of Neurospora crassa and E coh are metalloflavoproteins 
Since Auieomycin is a potent chelatmg agent (16), and since, as the present 
communication indicates, there is a requirement foi Mn"^ for sensitive 
intro leductase, it is conceivable that in sensitive organisms Aureomj'-cin 
IS active by virtue of its ability to combine vnth oi compete successful!}'' 
for essential cations of the electron transport system The fact that the 
Mn++ reqmrement of sensitive nitro reductase is relatively easily demon- 
strated, piesumably because the cation is loosely associated with piotein, 
and the difficulty in showing even mimmal cation requirement for resistant 
iiitio reductase, presumably because the cation is very firmly bound to 
protein, are consistent with the above hypothesis In this view, the 
relative insensitivity of lesistant nitro reductase to Aureomycin could be 
explained by assuming that, in the development of resistance to the anti- 
biotic, an altered protein has been synthesized which is able to bind essen- 
tial cation fiimly enough to compete successfully with Aureom^min The 
obseivation that lesistant enzyme contams firmly bound flavin as the pros- 
thetic group, ■\vhile sensitive enzyme possesses easily dissociated flavin, is 
compatible with the thesis that resistance indeed reflects the S 3 m thesis of 
altered enzyme 


smnuARY 

Auieomycin-sensitive and -resistant mtio reductase concentrates vere 
compared vith respect to flavin content, flavin reqmrements, and cation 
lequirenieiits The resistant enzyme contained firml}’’ bound conjugated 
flavin (chiefly flavin mononucleotide (FMN)), -uhile the flavin of sensitne 
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reductase was easily dissociable Activation of the sensitive preparation, 
but not that of the lesistant pieparation, by Mn++ and by FMN v as leadilj 
demonstiated 

The sensitive nitro reductase thus appears to be a metalloflavoprotem 
with Mn as the possible metal constituent Resistant reductase slions 
only a mimmal requuement for cation, and this is taken to mdicate a firm 
metal-protein-flavm complex With the sensitive reductase, added 
FMNH 2 can act as an electron souice for nitro reduction, with the resistant 
leduetase the fiavopiotem is reduced by reduced diphosphopyridme nucleo 
tide, and then reoxidized duimg nitro gioup reduction The sulfhydryl 
reqmrements of the systems were investigated The evidence indicates 
that the leductases are — SH enzymes 
The relationship of these findings to the mode of action of Auieomycm 
IS discussed 
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Vaiious aspects of glycerol metabolism have been extensively mvesti- 
gated, both in vivo and in vitro, with the aid of isotopic glyceiol Expeii- 
ments in vivo on the mcorporation of C^^-glycerol mto glycogen and various 
body hpides, as well as its oxidation to C ^^02 have been leported (1-3) 
The metahohsm of C^^-glycerol by hver in vitro (4) and glycogen synthesis 
from deuteiium-Iabeled glycerol (5) have also been studied Recently 
there have been pubhcations on some aspects of the metabohsm of asym- 
metrically labeled glyceiol (6-8) Further, glycerides S 3 mthesized fiom 
isotopically labeled glycerol have been utihzed by many mvestigatois as 
a tool m studymg the mechamsm of mtestmal fat absorption (9-13) 

The purpose of the present mvestigation was to obtam information on the 
metahohsm of the glyceiol moiety of triglycerides, or “glyceride-glycerol ” 
Such a study should be germane smce most of the glycerol that is normally 
mgested is esterified with fatty acids Thus, data are presented on the 
oxidation of glyceride-glycerol and its mcorporation mto various hpide 
fractions of the gastromtestmal tract In the hght of the findings leported, 
the absorption and hpolysis of triglycerides are discussed In addition, 
there aie data on the mcorporation of glyceride-glycerol carbon mto plasma 
and hver hpides and mto hver glycogen 

EXPERMBNTAL 

Normal male rats of the Wistar or Sprague-Dawley strains were used 
The prehminaiy tieatment of the animals was as described earlier (1), 
then weights langed from 140 to 185 gm These animals received bj' stom- 
ach tube glyceiol-labeled triolem or glycerol-labeled tributyrm and vcrc 
immediately placed m a metabohsm cage At the end of a specified time 
the lats were injected mtraperitoneally with 20 mg of Amytal oi Nem- 
butal When they reached surgical anesthesia, then abdominal and 
thoracic cavities were opened, and they were exsangumated either by a 
heart puncture oi by cutting the jugular vems The hver, stomach, and 

This vork was supported in part the United States Atomic Energj Commis- 
sion, and bj' the Eugene Higgins Trust through Harvard Universitj 
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small and large intestines were removed The percentage absorption of 
the glycerides, the oxidation of the glycerol moiety to CO 2 , and its mcor 
poration into hver glycogen were determmed 
In a further senes of experiments, 5 to 45 mg of a-C“-glycerol dissohed 
in 1 ml of water were adrmmstered by mtragastnc intubation to 24 hour 
fasted Sprague-Dawley male lats These animals were placed in a me 
tabohsm cage, and their respiratory C*^02 was collected for 4 hours 

Methods 

Synthesis of Radioactive Triglycerides — The tributyrm was prepared b\ 
reactmg a-C“-glycerol (14) with butyxyl chloride (15) Triolein •na'; 
synthesized either by the method of Wheeler et al (16) usmg C’‘'-glycero! 
and oleic acid, or by treatmg the labeled glycerol with oleyl chlonde' in a 
manner similar to the preparation of the tributyrm (15) Constants for 
the synthetic glycerides, such as saponification value (17), iodine value 
(18), and carbon content (19-21) were deterimned and found satisfactory 
CO 2 and Glycogen Analyses — ^The respiratory CO 2 samples and the gly 
cogen obtamed were determmed as previously described (1) 

Isolation of Inpides 

Gastrointestinal Contents — The contents of the stomach were extracted 
with ether, and this extract was washed with water 
The small mtestme was flushed with water until the washmgs were clear 
and colorless Usually about 40 to 50 ml were required The final pH 
was about 6 5 The aqueous solution was then extracted continuously 
with ether for 36 hours After bemg washed with water, the ether vas 
removed by evaporation, and the residue was extracted with chloroform 
The large mtestme and its contents were extracted with hot alcohol, fol 
lowed by two extractions with alcohol-ether (2 1) This alcohol-ether 
solution was evaporated to dryness, and the residue was extracted vith 
CHCI3 

Lipides from Tissues — Lipides from the hver, washed stomach wall, and 
small mtestme were obtamed by mmcmg the tissue m a micro-Wanng 
blendor with a mixture of CHCI3-CH3OH (2 1), and the extiacts obtamed 
were filtered and washed accordmg to Folch et al (22) The stomacli 
hpides m early experiments and those from plasma were isolated as de- 
scribed m a previous publication (1) 

The solutions of hpides m all instances were evaporated to dryness uuder 
N 2 at about 40° The residues were dned to constant weight, dissolved ^ 
CHCls, filtered, and made up to volume Ahquots were then taken 0 ^ 

^ The authors wash to thank Mr William Spallma of Jacques Wolf and Comps’"^' 
Clifton, New Jersey, for the oleyl chloride 
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phosphorus analyses, carbon determinations, or, m the case of the earl}’- 
experiments, direct platmg for measurement of radioactivity 

The phosphatide content of the hpides ivas estimated by total phosphorus 
analyses (23, 24) The hpides -n^ere fractionated mto acetone-soluble and 
acetone-msoluble components as described previously (1) except that the 
acetone and MgCl 2 weie added to a chloroform solution rather than to a 
petroleum ether solution of the lipide A total of three fractionations -n^as 
earned out to msure complete separation of the phosphatides from the 
neutral fats 

Ghjcerol Analyses — ^In some experiments the ether-extracted aqueous 
washmgs from the small mtestme were filtered and made up to volume 
This solution, or an ahquot thereof, was adjusted to pH 7 to 8, treated -vinth 
periodic acid (25), and the resultmg formaldehyde was precipitated by the 
addition of dunedon (1) After recrystalhzation and weighmg, the deriva- 
tive was converted to CO 2 for determmation of radwactivJty In one 
experiment, earner glycerol was added to an ahquot of the aqueous solu- 
tion, and pure glycerol tnbenzoate was prepared (2) The glycerol triben- 
zoate was saponified, and the hberated glycerol -vas penodate-oxidized 
The formaldehyde representmg the a-carbons of glycerol was collected as 
above 


Measurement of Radioactivity 

All the samples from the early experiments with tnglycerides veie 
counted as described m previous papers (1, 26) The expued C^-’Oo in 
later experiments and m the experiments with free glycerol was transferred 
to gas-countmg tubes after manometnc analysis (21) The samples of 
hpides and formaldimedon were converted to CO 2 , and the C*^02 counted 
ui gas-countmg tubes accordmg to the method of Van Slyke et al (21) 

Results 

Absorption of Tnbutyrin and Triolein — The radioactive hpides of the 
stomach and its contents, of the washings of the small intestine, and of the 
feces and other contents of the large mtestme were considered unabsorbed 
The sum of these fractions subtracted fiom the total admmistered radio- 
activit}’- was then considered to be the absorbed radioactivit}’’ Data on 
the intestinal absorption of tnbutyrin and triolein b}’’ different rats, deter- 
mined as described above, aie shown in Table I The lelatively lov 
absorption e-dubited by the one rat studied at the 8 hour inteival i\as 
anomalous and due to marked ehmmation of triolein in the feces 

Distnhxiiion of Unahsorbed Lipides — ^After 1 hour, about 12 per cent of 
the admmistered activity remamed m the stomach and about 15 per cent 
ui the lumen of the small mtestme There -v as but httle change 111 the'=e 
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Table I 

Intestinal Absorption of Tnbuiyrin and Triolein 


Fat 

Duration of 
eipemnent 

No of 
expeninents 

1 

Tat given (mg j 
per 100 sq cm 

B S A)* 1 

Fat absorbedt 

Indet of 
absorptiont 

Tnbutyum 


1 

97 

per cent 

96 

36 7 



1 

43 

98 

40 0 

Triolein 

1 

2 

94 ± 3 

73 ± 2 

|■28 3 i 0 6 


2 

2 

94 ± 1 

75 ± 0 


4 

6 

78 ± 6 

95 ± 4 

34 6 ± 2 2 


8 

1 

88 

83 

30 8 


* The means and average deviations from the means are given The body surface 
area (B S A ) was calculated by the method of Lee (27) The average bodj sut 
face area in these experiments was 268 ± 12 sq cm 

t The average amount of triolein administered was 225 d= 19 mg 
J Defined as “mg of fat absorbed per 100 sq cm of body surface, for 100 mg of 
fat given ” 



HOURS 

Fig 1 Cumulative excretion after intragastric intubation of 22 5 mg of 

glycerol (m 1 ml of water) , • , and triolein, O , to Sprague-Dawley rats The pomi 
on the triolein curve are means of several animals The average amount of tnolcio 
given was 240 7 mg , which corresponds to approximately 25 mg of free gI}ooro 
In the experiment with free glycerol all the administered counts were considered 
be absorbed 

distiibutions diiring the next hour After 4 hours, howevei, only 2 pf 
cent of the original activity appeared in each of the above fractions an w 
the feces 

Oxidation of Glycerol Moieiy of Tnolein — In Fig 1 are shown cuinulafa^ 
C ^^02 excretion cuives obtained after mtragastnc intubation of triolei"® 
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an amount of glyceiol approximately equivalent to the quantity of glyc- 
eiol estenfied m the admimstered triolem Free glycerol vas oxidized 
more rapidly than glyceride-glycerol 

Ltpohjsis of Tnolevn — It may be assumed that hpolysis of triolem pre- 
cedes oxidation of the glycerol moiety If this assumption is correct, then 
measurement of the oxidation of glycerol m an animal given a glycerol- 
labeled triglyceride compared to the oxidation of an equivalent amount of 
free C^^-glycerol would affoid an estimation of the extent of complete^ hpolj’’- 
sis, i e of free glycerol hberated fiom the tiiglyceride during the period of 
observation 

Thus, a family of curves was obtained for experiments of 1, 2, and 4 hours 
duration, m which the amount of free glycerol oxidized per 100 sq cm of 
body surface was plotted as a function of the quantity of free glyceiol gnmn 
Such data had previously been obtained with rats of the Wistai stiain (1), 
those for Sprague-Dawley rats are imry similar In experiments with trio- 
lem, the amount of fat which was absoibed and its equivalent in terms of 
glycerol were known From measurements of the expired radioactive C*'*02 
after admmistration of glycerol-labeled triolem, the amount of glycerol 
(a) that was oxidized could be ascertamed From the curve for free glyc- 
erol, it was possible to estimate how much oxidation would have occurred 
had all of the glycerol of the triglyceride been hbeiated, i e had the same 
amount of free glycerol been admmistered as was contamed in the glyc- 
eride (6) By usmg these data a value ((o)/ (&) X 100) could be obtained 
which IS referred to as the “index of hpolysis ” 

Such calculations mdicated that in experiments with triolein, the “index 
of hpolysis” varied from 9 0 to 15 7 per cent aftei 1 hour, from 11 2 to 16 5 
per cent after 2 hours, and from 49 5 to 53 8 per cent aftei 4 houis At 
8 hours it was estimated to be 97 per cent 

Free Glycerol in Lumen — ^That complete mtralumenary hpolysis to free 
glyceiol and fatty acids might have occmred is demonstrated bj’- the fact 
that there were found m the contents of the lumen small amounts of non- 
hpide, water-soluble formaldehydogenic substances which v ere radioactive 
Addition of cariiei glycerol to this water-soluble fiaction, isolation of pure 
glycerol tiibenzoate and determination of its activity shoved that the 
gieater part of the radioactwe watei -soluble glycol fraction vas glj^cerol 

Activity of Lipides of Intestinal Lumen — In Table II are presented data 
on the activities of both acetone-soluble and acetone-insoluble lipides of the 
lumen of the small intestme The relative specific activities of the glj'cerol 
of the neutral glycerides and of the phosphatides are compared 

* "Complete hydrolj'sis” is taken to mean hjdroljsis of tnghcende to gljcerol 
and fattj acids and “partial lijdroljsis” as splitting to mono and dighccrides, and 
fatty acids 



PERCENTAGE 


Table II 

Relative Specific Activities of Inpides of Lumen of Small Intestine 


Duration 

Weight of 
hpide 



Relative specific activity of 


of expen 
ments 

phosphatide 

Lipide 

Neutral fat 

Phosphatide 

Neutral fat 
glj cerol 

Phosphatidt 

glictrol' 

!irs 

mg 


wipe per mg 
carbon 

mne per mg 
carbon] 

mtic per mg 
carbon] 

mne per 
mmole] 

WjUt: Ptr 
mmlc\ 

1 

58 6 

19 3 

0 54 

0 58 

1 03 


0 79 

1 

67 9 

13 8 

0 65 





2 

42 4 

13 6 

0 64 

0 62 

1 02 

1 00 

0 79 

2 

51 4 

20 0 

0 68 





4 

10 2 


0 32 





4 

17 0 

13 9 

0 32 





8 

4 7 


0 01 






* Calculated on the basis of 44 carbon atoms per molecule of phosphatide All 
the activity was taken as being in the glycerol moiety 

t The specific activity of the administered tnolein was taken as 1 00 m;ic per 
mg of carbon Its actual value was 2 51 rafic per mg 

X The specific activity of the glycerol from the administered triolein was taken 
as 1 00 mfic per mmole Its actual value was from 1630 to 1719 m/ic per mmole 
in different experiments 




Fig 2 The disappearance of neutral fat from the small intestinal wall during 
absorption The closed circles, • , are the percentages of neutral fat in the mtesfmaj 
lipides of these animals calculated by measuring the phosphatide content (23, "v 
and subtracting this percentage from 100 The open circles, O , represent the per 
centage of absorbed radioactinty in the intestinal neutral fat The vertical Ime^ 
are the ranges of two animals for each time period except in the case of the S hour 
experiment (one rat) 

Fig 3 The specific activities of the acetone-soluble fats, O, and phosphati 
• , of the intestinal wall Specific activity refers to the millimicrocunes per mg 
carbon as a fraction of the specific activity of the administered triolein taken as 
The vertical lines are the ranges of two animals for each time period except m 
case of the 8 hour experiment (one rat) 
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Radioactive Neutral Fats of Intestinal Wall — The top curve m Fig 2 shows 
the increase and decrease in the neutral fat content of the intestinal v all 
hpides during absorption The data at zero tune were obtained from three 
rats which were sacrificed at the end of the fastmg penod In Fig 2 are 
also plotted the percentages of the absorbed radioactivity m the neutral 
fat of the intestmal wall A peak was reached at 1 hour, with the 2 hour 
value only shghtly lower However, the greatest change was observed 



Fig 4 Fig 5 

Fig 4 The specific activities of lipides of the wall of the small intestine, #, 
plasma lipides, A, and liver lipides, ■ Specific activity refers to millimicrocunes 
per mg of carbon as a fraction of the specific activity of the administered triolein 
taken as 1 00 Two animals were used in each time period except in the case of the 
8 hour experiment (one rat) The vertical lines are the ranges in those instances 
when the individual values were further than 0 03 m/xc per mg of carbon apart 
Tins occurred only in the plasma lipides 

Fig 5 Ratios of phosphatide (PH) specific activities to neutral fat (NF) (ace- 
tone soluble fat) specific activities for intestine, • , and liver, O The vertical lines 
are the ranges of two liver hpide ratios for 1, 2, and 4 hours The corresponding 
values for the intestinal lipides were in better agreement Only one 8 hour experi- 
ment was carried out 

from 2 to 4 houis at the end of which time the neutral fat of the intestinal 
wall contamed only about 2 per cent of the absorbed activity 
Fig 3 represents the changes with time in relative specific activity of the 
neutral fat and phosphatide fractions of the hpide of the intestinal vail 
after admmistiation of glycerol-labeled tiiolein During the first 3 hours 
the acetone-soluble fats v’^ere about 4 times as radioactive as the phospha- 
tides, per mg of carbon Although the amount of C*'' in the phosphatides 
was significant, the total activity contributed by this fraction to the total 
intestinal vmll hpide counts never amounted to more than a fev per cent 
Liver and Plasma Lipides — Previous studies on the metabolism of free 
glycerol revealed that the hver hpides had a greater specific activity than 
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lipides from any othei organ 6 hours after the administiation of the C“ 
glycerol (1) In the piesent experiments it was observed that the Iner 
hpides had extremely low specific activities In Fig 4 are plotted specific 
activity time curves for hpides extracted from the intestmal wall, plasma 
and hver The hpides from the mtestmal wall had the greatest activit}, 
with plasma lipide activities, which were somewhat vaiiable, fa llin g ap 
proximately between those of mtestme and hver for most of the tune With 
regard to total activity, the percentage of absorbed counts in the plasma 
hpides was less than 0 5m most mstances, while the hver hpides contamed 
about 0 6 to 2 0 per cent 

Relatzonshzp of Neutral Fat and Phosphatide Activities — k. plot of the 
ratio of phosphatide activity to neutral fat activity at different tunes for 
both hver and mtestme was made, and the results are shown m Fig 5 

Liver Glycogen — Glycogen from the hvers of several rats was isolated and 
counted The amounts of glycogen found, the percentages of glycogen 
carbon derived from glyceride-glycerol carbon, and the amount of the glyc 
erol converted to glycogen were extremely low as might have been e\ 
pected in view of the small amount of hberated glycerol available to the 
organism for synthetic reactions However, there was some mcorporation, 
0 1 to 0 5 per cent of glyceride-glycerol carbon being converted to glycogen 
carbon 


DISCUSSION 

Extent of Absorption of Tributynn and Tnolein — In the present e\pen 
ments the extent of absorption of fat has been obtamed from radioactivity 
data A distmction should be made between the radioactivity absorbed and 
the amount of hpide absorbed Lipolysis in the lumen, if it occurred, might 
liberate fatty acids, glycerol, and mono- and diglycerides which could be 
absorbed at different rates Thus, if any freed glycerol were further me- 
tabohzed in the lumen, or if it weie absorbed more rapidly than a released 
fatty acid, then the percentage absorption of fat calculated from radio- 
activity data would be somewhat greater than the true absorption 
In expressing the extent of absorption of administered fat m this study 
the results were computed to 100 sq cm of body surface Deuel et al have 
demonstrated that data on the percentage of fat absorbed showed a greater 
uniformity when calculated m this way than when calculated on an ab'O- 
lute basis or on the basis of body weight (28) In the present work, where 
different amounts of hpide were administered to the mdmdual animah, 
it was found advantageous to compute the data also on the basis of th 
amount of fat given Thus, an “index of absorption” has been found use “ 
and IS defined as “mg of fat absorbed per 100 sq cm. of body surface, o 
100 mg of fat admmistered ” (See Table I ) , 

The results for the absorption of tributynn are m accord with previou' 
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reported data (29, 30) The magnitude of the “mdex of absorption” for 
triolem reported m this work may be compared with that calculated from 
data of Deuel et al (28) and Steenbock et al (31) for natural fats In 
general, the differences found may be explamed by the fact that the workers 
mentioned admmistered from 4 to 6 times as much hpide as was given m 
the present experiments On the other hand the data for the percentage 
absorption of triolem m 4 hours (Table I) are m agreement with those of 
Bergstrom on the absorption of corn oil admmistered at a level of 0 1 ml 
per 100 sq cm , which more closely approximates the conditions emplo 3 ’^ed 
by the present authors (32) 

On the basis of the values m Table I it would appear that durmg the 2nd 
hour after administration of hpide the passage of fat from the lumen mto 
the mtestmal mucosa was slowed down, or was at a standstill This may 
be attributed to a mechanism which would permit the absorption of fat 
from the lumen only when the already absorbed fat m the mucosa was 
further metabohzed or removed by the transportmg system (lacteals) 

Lipolysis of Admirmtered Tnglycende — ^From the values for the “mde\ 
of hpolysis” given, there appeared to be a considerable hpolysis of the m- 
gested triolem m the 1st hour This hydrolysis was probably partly mtia- 
lumenary and served to furnish emulsifymg agents, i e fatty acids and 
monoglycerides (33) Durmg the 2nd hour the hpolysis appeared to be 
slowed down considerably, as was absorption (see above) From the 2nd 
to the 4th hour there was agam a very notable degree of hpolysis, the “mde\ 
of hpolysis” amountmg to a total of about 50 per cent after 4 hours 

The fact that there was about a 75 per cent absorption and a calculated 
12 per cent hpolysis of absorbed triolem at 1 and 2 hours indicates that a 
relatively large amount of fat passed from the lumen mto the mucosal cells 
m an unhydrolyzed or partially hydrolyzed, t e mono- or diglyceride form, 
a fact which is now generally accepted (33, 34) In the case of the tri- 
butyrm experiments, the “mdices of hpolysis” appeared to be 100 pei cent 
and 86 per cent m the two experiments reported (Table I), which is consist- 
ent with data obtamed by otheis with short cham triglycerides 

Several factors should be pomted out regardmg the mterpretation of the 
mdex of hpolj'^sis ” First, factors affectmg the rate of hbeiation and oxi- 
dation of the fieed glycerol make the values only approximate Secondly, 
it is assumed that the glycerol must be freed before it is oxidized Tlurdlj’’, 
the calculations are based on absorbed triolem However, an 3 '’ tiiolem 
completely lipolyzed m the lumen would have been unabsorbed triolem and 
the gb'cerol liberated might then liaAm been rapidly absorbed and oxidized 
Under such circumstances it would be more accurate to calculate the “mdex 
of hpol3rsis” on the basis of admimsteied triolem, and one vould obtain 
values Ion er than those quoted 

The most active periods of hpolysis would appear to have been at those 
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tunes when the glycendes were in the process of leaving the mucosal celk 
as shovTi by the decrease both m neutral fat and radioactivity (Fig 2] 
This suggests that the major part of the hpolysis up to 4 hours took place 
m the mucosal cells Res 3 nithesis of glycerides from released fatty acidj 
and endogenous glycerol (non-labeled) must also have taken place since 
triglycendes are the predommant acetone-soluble hpides ui lymph (3a) 
All these data agree m essence with the findmgs of Borgstrom, who demon 
strated that the amount of lynnph neutral fat reached a maximum during 
the 2nd and 3rd hour of absorption (32), and also with the suggestion cl 
Reiser that “an mtracellular mechanism regulates the hydrolysis” (ofgljc 
elides) (36). Conceivably the crammmg of unspht or partially split tno- 
lem mto the mucosal cells slowed down hydrolysis until some of the fat 
passed mto the lymph or had undergone further reactions, eg partial 
hydrolysis On the other hand, as suggested by Borgstrom (37), the on 
entation of absorbed monoglycerides (monoolem) wuth their hydroxjl 
groups agamst the water phase (m the cell) could protect the other gljc 
endes from the action of the enzjrmes Other factors such as the nature 
of the fat or the composition of the mixture of fats contammg the labeled 
material are undoubtedly also of importance (38) 

The fact that after 4 hours there was relatively httle radioactive bpidc 
m the intestmal wall would lead one to suspect that much of the hydrolj 
SIS of the triolem after 4 hours occurred m extramtestmal locales 


Activity of Acetone-Soluble Lipides of Intestinal Lumen — The dala m 
Table II shed further hght on mtralumenary hpolysis Acetone soluble 
hpides of the lumen exhibited a relatively low specific activity because of 
dilution with what probably were fatty'’ acids released durmg hpolysis 
This was confirmed by the fact that the specific activity of the isolated gljc 
erol moiety of the lumen neutral fat at 2 hours was identical to that of th 
glycerol moiety of the ingested triolem (seventh column. Table II) 
recombmation of released fatty acids ■with endogenous glycerol or glycoid 
precursors to form neutral fat did not take place m the lumen, nor v'astb® 
dilution with endogenous glycerides This is m hne wath Borgstrom’s ob- 


servation that free glycerol does not participate m mtralumenary esten 
fication (11) The free fatty acids which dilute the glyceride actiwty coul'^ 

have originated from the sphttmg of tnolem, followed by absorptiouf' 
the spht products at unequal rates That the actmties of the fractw-' 
did not change appreciably from 1 to 2 hours (fifth column. Table II) s'*! 
ports the evidence provided by the data on absorption and the 
hpolysis” that there was virtually a plateau m the 2nd hour with resp^‘ 


to the abfiity of the animal to metabohze admmistered triolem 
Phosphatide Synthesis in Intestinal Wall and Luman — ^It is generall) 
heved that phosphorylation is not an essential step m the transpo 


It- 
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fat across the intestinal wall (39, 40), and it has been shown that only a 
few pel cent of absoibed fatty acids aie found in lymph phosphatides (41, 
42) Reisei and Dieckeit have lecently reported an observation made 
after administering C^^-glycerol-labeled fats In their experiments there 
was less activity m mucosal and lymph phosphatide glyceiol than m that 
of tiiglycerides, and these workers suggested that “resynthesized tnglyc- 
erides must be the piecuisois of mucosa and Ijrmph phosphohpides, rather 
than the converse” (43) The curves of Fig 3 are consistent wnth these 
observations 

Recently Buensod ei al admimstered free deuterium-labeled glycerol or 
deuterium-labeled glycerophosphate to lats together with free fatty acids 
or fat (12) From the isotopic measurements 3 hours later it w^as concluded 
that neither glycerol nor glycerophosphate were important precursors of 
intestinal phosphatide In these experiments the phosphatides never con- 
tamed more than about 0 1 per cent of the deuterium of the origmal labeled 
glyceiol A very low mcorporation of free glycerol mto mtestmal hpides 
was also observed earher by the present mvestigators (1) On the other 
hand the relative specific activity of the phosphatides of the mtestmal wall 
at 3 hours m Fig 3 was about 0 084 m^uc per mg of carbon or, m other 
words, 8 4 per cent of the glycerol of these mtestmal phosphatides was 
derived fiom the mgested triolem If, as suggested by the above workers, 
neither glycerol nor glycerophosphate are precursors of phosphatide m the 
intestine, then there arises the question of how the phosphatides m the pres- 
ent experiments were formed 

It IS possible that triglycerides are precursors of these phosphatides, as 
suggested by Reiser and Dieckert (43) or, m addition to intracellular S 3 m- 
thesis of phosphatides, phosphatides could have been formed m the lumen, 
and absorbed with glycerides Evidence that there might have been intra- 
lumenary phosphatide synthesis is derived from Table II 

The results m the fifth through the seventh columns of Table II show 
that the phosphatides, as well as the neutral fats of mtestmal lumen con- 
tents, were labeled The relatively high specific activity of the phospha- 
tides suggests that they could have been formed directly from the admin- 
istered triolem by interesterification with phosphate or a phosphor 3 ’’lated 
compound A reaction less hkely m such a locale as the lumen vas sug- 
gested by Chaikoff who postulated that a high energy phosphate compound 
could leact with a triglyceride molecule m a transfer type of reaction to 
produce a phosphatidic acid (44) 

, A furthei point of consideiable interest concerning intestinal vail and 
hvei phosphatides aiises fiom the data of Fig 5 Although the actnities 
^ of the total hpides of the intestinal wall and the In er differed v ideh’’ (Fig 
^4), the ratios of activity of the phosphatides to the activities of the neu- 
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tial fats in the tY o oigans weie very similai at any given time This could 
mean that there e\ist in both the intestmal wall and the liver similar niccli 
anisms foi the tiansformation of glyceiides to phosphatides ]\'Ioieoier 
the slopes of the curves of Fig 5 and the shapes of those of Fig 3 mclicaie 
that neutral fat turnovei is more rapid than phosphatide turnover in these 
organs 

In general, the data reported support the mam feature of the Mev,spu{ 
forward by Frazer and now commonly accepted, x e total hpolysis is note 
prerequisite of absorption (45, 46) Details on events m the intestinal 
lumen and wall during absorption have been provided For example, 
some complete hpolysis does apparently occur m the lumen, contrary to 
xn vxtio evidence of Frazer and Sammons (47), but m conformity with ex 
penmen ts of Boigstrom (48) Further, hpase-catalyzed reactions such as 
those reported by Borgstrom xn vxvo and xn vitro (48) with respect to the 
incorporation of labeled free fatty acids mto glycerides, have been sug 
gested as causmg the mcorporation of neutral glycende-glycerol into phoj 
phatide-glycerol in the mtestmal lumen xn vxvo Finally, a temporal dif 
ferentiation of three phases of absorption, an initial rapid phase, a second 
sluggish phase, and a renewal of the more rapid phase, poses a number ol 
questions concerning the absorption of fat admmistered alone and the 
metabolism of glycende-glycerol It would be important to make com 
parisons xvith situations in which fat is admmistered in con 3 unction mth 
protein and carbohydrate 


SUMMARY 

1 The metabohsm of glycende-glycerol has been studied after oral ad 
mmistiation of tnbutyrm or tnolem labeled with m the glycerol moiet) 

2 After 1 or 2 hours the absorption of tnolem was approximately the 
same, x e 74 ± 2 per cent had been absorbed, while 95 ± 4 pei cent na' 
absorbed by the end of 4 hours Absorption of tnbutyrm was nearly com 
plete at this time 

3 At the end of 4 hours approximately one-quaiter of the absorbed glyc 
eride-glycerol of tnolem had been oxidized 

4 Durmg the 1st hour hpolysis appeared to be considerable, amounting 
to about 12 per cent of hpide absorbed After 2 and 4 hours the “indicf 
of hpolysis” had risen to approximately 14 and 52 per cent, lespectneh 

5 Durmg the 2nd hour after hpide admmistration a plateau v as leacii 
xvith respect to absorption, hpolysis, and disappearance of labeled bp' ^ 
fiom the mtestmal wall In the 3rd and 4th hours these activities vcrc 
greatly increased 

6 Free C'^-glycerol was isolated from the contents of the lumen of a 
sacrificed 2 hours after admmistenng glycerol-labeled tnolem Also oun 
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m the lumen of rats killed after 1 and 2 hours were phosphatides whose rela- 
tively high specific activity suggested that they were formed from glyc- 
endes 

7 There was httle synthesis of hver glycogen from glycende-glycerol 

It IS a pleasure to express our gratitude to Dr Donald D Van Slyke and 
Piofessor A Baird Hastings for their helpful advice, and to Mr John A 
Plazm for his assistance m carrying out many of the carbon combustions 
during the course of this investigation 
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boxj’^muconic acid and /3-caibo\ymuconolactone, liowevei, no effect was 
found with the addition of sulfhydryl mhibitois Thus the observed inhi- 
bition was on the initial step in the leaction sequence 
Role of Fcriotis Ion in Pi oiocalechuic Acid Oxidase — stimulating effect 
of Fe++ lias noted dining the puiification of the enzyme Certain prepa- 
lations which had been fiactionated failed to show any mciease m specific 
activity Addition of Fe**^ to these pieparations caused a marked stimu- 

Table I 

Inhibition and Reactivation of Proiocatechmc Acid Oxidase 
by Sulfhydryl Reagents 

HgClj and p chloromercunbcnzoate i\ere added 5 minutes before the substrate in 
the spectrophotometric assay and 10 minutes before the substrate in the manometric 
assay In the e\periments in reactivation, reduced glutathione was added 5 min- 
utes after the inhibitors Both assajs were run in the presence of tris(hydroxy- 
meth3d)aminomethane buffer (0 1 m, pH 7 0) The enzyme preparation was the 
0 3 to 0 7 (NHil'-SOi fraction 


Substance tested 

r inal 

concentration 

Assay 

Control 

activity 


M 


per cent 

HgCh 

2 X 10-« 

Spectrophotometric 

60 


2 X 10-< 

(( 

100 

“ + reduced glutithione 

1 X 10-’ 



p-Chloromercuribenzoate 

2 X 10-< 

(( 

34 

tt 

2 X 10-« 

l( 

73 

“ -b reduced 




glutathione 

1 X 10-’ 



Reduced glutathione 

1 X 10-’ 


100 

p-Chloromercuribenzoate 

1 7 X 10-« 

Manometric 

32 

ti 

1 7 X 10-" 

ft 

102 

“ -f reduced 




glutathione 

3 X 10-= 




lation (Table II), and its addition to crude extracts resulted m a similar 
stimulation The effect of Fe++ was specific (Table III), although the 
addition of Fe+++ and Co++ stimulated the prepaiations somewhat The 
amount of Fe++ required for stimulation was small Addition of 1 X M 
Fe++ lesulted m a 24 pei cent increase m activity Additions of o-phenan- 
throlme and a,Q:-dipyridyl, both at concentrations of 1 X 10“^ M, lesulted, 
respectively, m 73 and 68 per cent inhibition of protocatechuic acid oxidase 
in the absence of added Fe++ Cyanide at similar or higher concentrations 
uas without effect 

The addition of Fe"*^ to preparations which degraded ;8-carbox3Tnuconic 
acid and ^-carboxymuconolactone had no stimulatory effect on the rate of 
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treated with sohd (NH4)2S04 The material which precipitated between 
0 3 and 0 7 saturation was collected by centrifugation and dissolved m 
water (10 ml per gm of dried myceha) The ammomum sulfate precip: 
tate was further purified by dialysis agamst water, followed by Ca3(P0()i 
gel absorption The enzyme was eluted from the gel with potassium 
phosphate buffer (0 1 m, pH 7 0) and agam dialyzed agamst distilled water 
All operations were earned out at 5° 

Analytical — The oxidation of protocatechuic acid was followed by two 
methods, oxygen uptake at 33° and spectrophotometnc assay at room tern 
perature 

Manometnc Assay — ^The reactions were carried on by using conventional 
Warburg techniques at 33°, with air as the gas phase The substrate 
concentration was 2 67 X 10~^ m 

Spectrophotometnc Assay — ^Enzyme preparations were assayed in a Bed 
man DU spectrophotometer in 0 5 cm sihca cells by the change in optical 
densities at 290, 270, and 220 m^ at room temperature The molecular 
extmction coefiicients used were those previously described (1, 4) The 
substrate concentration was 1 7 X 10“^ M 

A unit of specific activity is defined as the oxidation of 0 1 /iinole of 
protocatechuic acid per hour per mg of protem The ammonium sulfate 
fraction had 6 5 units and the Ca3(P04)2 gel eluate had 10 5 units asmeas 
ured by the manometnc assay The spectrophotometnc assay gave lower 
and vanable values for specific activity because of the difierence m tern 
perature 

Protem w^as determmed by the method of Gornall, Bardawnll, and David 

(5) 


of 


RESULTS AND DISCUSSION 

Requirement for Sulfhydryl Groups — ^Inhibition of the enzyme prepara 
tion by Hg++ and p-chloromercunbenzoate and the reversibility of the 
inhibition by reduced glutathione (Table I) strongly suggest the presence 
of essential thiol groups on the enzyme The failure to observe mhibitioa 
with lodoacetate and W-phenyl mahmide (1) does not seem unusual foi 
this type of enzyme Crandall (6) reports that crude preparations 
homogentisic acid oxidase are not inhibited by lodoacetate but are sen"! 
tive to p-chloromercunbenzoate However, the addition of reduced glofa 
thione failed to stimulate any preparation of protocatechmc acid on a 
as it does in the case of homogentisic acid oxidase (6, 7) . 

Smee our enzyme preparations contained the enzymes which 
|3-carboxymuconic acid and ;8-carboxymuconolactone, it seemed 
that the effect of the sulfhydryl inhibitors upon protocatechuic acid ou s- 
might be indirect Upon measuring the rate of disappearance oi P 
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boxj’^muconic acid and /3-caibo\ymuconolactone, liowevei, no effect was 
found with the addition of sulfhydryl mlnbitois Thus the observed inhi- 
bition was on the initial step in the leaction sequence 
Role of Fcriotis Ion in Pi oiocalechuic Acid Oxidase — stimulating effect 
of Fe++ lias noted dining the puiification of the enzyme Certain prepa- 
lations which had been fiactionated failed to show any mciease m specific 
activity Addition of Fe**^ to these pieparations caused a marked stimu- 

Table I 

Inhibition and Reactivation of Proiocatechmc Acid Oxidase 
by Sulfhydryl Reagents 

HgClj and p chloromercunbcnzoate i\ere added 5 minutes before the substrate in 
the spectrophotometric assay and 10 minutes before the substrate in the manometric 
assay In the e\periments in reactivation, reduced glutathione was added 5 min- 
utes after the inhibitors Both assajs were run in the presence of tris(hydroxy- 
meth 3 d)aminomethane buffer (0 1 m, pH 7 0) The enzyme preparation was the 
0 3 to 0 7 (NHil^SO^ fraction 


Substance tested 

r inal 

concentration 

Assay 

Control 

activity 


it 


per cent 

HgCh 

2 X 10-« 

Spectrophotometric 

60 


2 X 10-* 

(( 

100 

“ + reduced glutithione 

1 X 10-’ 



p-Chloromercuribenzoate 

2 X 10-< 

(( 

34 

tt 

2 X 10-« 

f ( 

73 

“ + reduced 




glutathione 

1 X 10-’ 



Reduced glutathione 

1 X 10-’ 

(( 

100 

p-Chloromercuribenzoate 

1 7 X 10-« 

Manometric 

32 

ti 

1 7 X 10-" 

ft 

102 

“ -f reduced 




glutathione 

3 X 10-= 




lation (Table II), and its addition to crude extracts resulted m a similar 
stimulation The effect of Fe'^ was specific (Table III), although the 
addition of Fe+++ and Co++ stimulated the prepaiations somewhat The 
amount of Fe++ required for stimulation was small Addition of 1 X M 
Fe++ lesulted m a 24 pei cent increase m activity Additions of o-phenan- 
throlme and a,Q:-dipyridyl, both at concentrations of 1 X 10“^ M, lesulted, 
respectively, m 73 and 68 per cent inhibition of protocatechuic acid oxidase 
in the absence of added Fe++ Cyanide at similar or higher concentrations 
uas without effect 

The addition of Fe"*^ to preparations which degraded ;8-carbox3Tnuconic 
acid and ^-carboxymuconolactone had no stimulatory effect on the rate of 
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disappearance of these compounds These results indicate that the effect 
of Fe++ lias on the initial step only in the breakdoMoi of piotocatechuic 
acid 


Table II 

Slinnilahng Effect of Ferrous Ion on Protocatechuic Acid Oxidase 
Ferrous ion was added 30 minutes prior to substrate in the manometric as.a\ 
■while in the spectrophotometric assay the preincubation period •was 15 minute 
Both preincubations -were carried out at 5° All enzyme preparations gave e^^eri 
tialh'^ the same response In the manometric assay tristhydrcxjunethyllaminci- 
methane buffer (0 1 m, pH 7 0) ivasused, in the spectrophotometric assay no buffet 
IV as used The results belo'w ■were obtained with a dialyzed Ca 3 (POd 2 gel eluatc 


j 

Addition 1 

Final concentration 

Assay 

(yintttil 

actiMt; 

FeS04 

^r 

1 X 10~3 

Manometric 

290 

(( 

1 X 10-« 

(( 

300 

(( 

1 X 10-« 

(t 

134 

(< 

1 X 10~8 

tt 

124 

(( 

1 X 10-1“ 

tt 

100 

(< 

1 X 10-“ 

Spectrophotometric 

270 


Table III 

Effect of Metal Ions on Protocatechuic Acid Oxidase 
The various metal ions were added 30 minutes prior to the substrate The pre 
incubation was carried out at 5° The enzyme preparation used was a dialyzed gel 
eluate The assays were run in the presence of tris(hydroxymethyl)aminomethane 
buffer (0 1 M, pH 7 0) The manometric assay was used 


Cation tested 

Final concentration 

Control activit) 



per ceni 

Fe-H- 

1 X 10-‘ 

252 

Fe+++ 

1 X 10-« 

151 

Ca-^-*- 

1 X 10-« 

97 


1 X 10-< 

92 

Mn++ 

1 X 10-‘ 

77 

Mg++ 

1 X 10-< 

94 

Co++ 

1 X 10-* 

123 

Cu^ 

1 X 10-^ 

92 


In the absence of added Fe++, an absorption peak at 408 to 410 
observed m purified prepaiations However, upon the addition of 'c 
(1 X 10“® m) this peak disappeared and two shoulders appeared at 38a » 
400 and 470 to 485 mju The cause of this spectral shift is not knonn 
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The addition of piotocatechuic acid to the Fe++-treated enzyme failed to 
change the spectrum 

The results piesentcd above indicate that protocatechuic acid oxidase 
from Nenrospoia has lequiiements foi Fe++ and sulfhydryl groups similar 
to those desciibed foi enzymes which catalyze the enzymatic oxidative 
cleavage of certain phenols (6) The failure of cyanide to inhibit proto- 
catechuic acid oxidase and the failuie of reduced glutathione to activate 
protocatechuic acid oxidase m the absence of sulfhydryl inhibitors, even 
in the presence of Fe"*^, are two major differences between protocatechuic 
acid oxidase and homogentisic acid oxidase 

SUMMARY 

Protocatechuic acid oxidase isolated from Neurospora requires the ad- 
dition of ferrous ion for maximal activity The addition of 1 X 10~® M 
ferrous ion resulted m an 84 per cent increase in activity 
The addition of p-chloromercuribenzoate and of mercuric ion resulted 
m a marked decrease in enzymatic activity 
These results indicate that ferrous ion and sulfhydiyl groups form m- 
tegral parts of the oxidizing enzyme which transforms protocatechuic acid 
to czs,as-/3-carboxymuconic acid 
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THE SPECTROPHOTOFLUOROMETRIC DETERMINATION 
OF TRYPTOPHAN IN PLASMA AND OF TRYPTOPHAN 
AND TYROSINE IN PROTEIN HYDROLYSATES 

Bi DANIEL E DUGGAN* and SIDNEY UDENFRIEND 

{From the Laboratory of Chemical Phaimacology, National Heart Institute, National 

Institutes of Health, Public Health Service, United States Department of Health, 
Education, and Welfare, Bethesda, Maryland) 

(Received for publication, April 30, 1956) 

A spectrophotofluoiometer capable of continuous activation of solutions 
and measurement of resultant fluorescence throughout the quartz-ultra- 
violet and nsible regions of the spectrum has been previously described (1) 
The abihtj'' of such an instrument to deliver lugh intensity monochromatic 
hght at the absorption maxima of tryptophan and tyrosine, and to measure 
the resulting ultraviolet fluoiescence spectra, provides the basis for a 
simple and extremely sensitive method for the determination of these amino 
acids in tissues and m protein hydrolysates 

EXPERIMENTAL 

Spectrophotofltwrometer ^ — The design and operation of this instrument 
are described m detail elsewhere (1) It consists essentially of a high 
mtensity xenon arc source which ermts continuously throughout the ultra- 
violet and visible regions and two monochromators, one to isolate mono- 
chromatic hght for activation and the other at right angles to the first to 
analyze the emitted fluoiesecnce, a photomultiplier tube^ is used to measure 
the intensity of the fluorescent light Both activation and fluorescence 
spectra may be rapidly displayed on the screen of a cathode ray oscilloscope 
or the chart of a pen and ink recorder Activation and fluorescence spectra 
for tr3q)tophan and tyrosine are given in Figs 1 and 2 The intensity of 
fluorescence of both amino acids is proportional to concentration through- 
out the range of concentration employed in these studies 

Tryptophan and Tyrosine in Protein Hydrolysates 

A survey of all of the naturally occurring ammo acids found in proteins 
revealed that only tyrosine and tryptophan exhibit detectable fluorescence 
in aqueous media Fig 3 shows the fluorescence spectra of pure samples 

* Postdoctoral Research Fellow of the American Instrument Company 

* The experimental instrument (1) has been used interchangeably with commer- 
cial spectrophotofluorometers obtained from the American Instrument Company 
and the Farrand Optical Company, Inc 

* RCA 1P28 photomultiplier 
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of these two ammo acids and of mixtures of the two at various pH Yal^Je,^ 
At pH 11, the intensity of the tryptophan fluorescence is approMiaatel 3 
100 tmies greater than that of a conespondmg concentration of l)rosine 
and the ability of a spectral instrument to resolve the two fluorescence 
bands whose maxima occur 50 mfi apart makes it possible to measure 
tryptophan in the presence of laige excesses of tyrosine Since tryptopkn 
IS destioyed by acid hydrolysis, the tyrosine content of pioteins containing 
any amount of tiyptophan may be readily determined without interference 



Fie 1 Fig 2 

Fig 1 Activation and fluorescence spectra of tryptophan Curve A, activation 
spectrum for pure tryptophan (0 1 -y per ml ) in 0 5 m NajOOj obtained by settisg 
fluorescence monochromator constant at 360 m;i and scanning with activating moBd 
chromator Curve B, fluorescence spectrum for same sample with activation afif- 
chromator set at 280 m/:i while scanning with fluorescence monochromator 

Fig 2 Activation and fluorescence spectra of tyrosine Curve A, activate 
spectrum of pure tyrosine in phosphate buffer, pH 8 0, Curve B, fluorescence spectran 
of same The activation and fluorescence spectra were obtained as for tryptop ® 
with monochromators set at 310 and 275 m/t, respectively 

Materials — ^Pure crystailme samples of reference proteins were employe^; 
zinc insulin, lot No 535664 was obtained from Eh Lilly and Compaq i 
bovine serum aibuimn, lot No 370-295-B was obtained from Armour an 
Company, crystalline jS-lactoglobulm was made available by Dr 
L MoMeekin of the Eastern Utilization Research Branch, United a 
Department of Agriculture 

Tryptophan and tyrosine standards were prepared daily by dilu wn 
stock solutions^ of the L-amino acids obtained from the Nutritiona 
chemicals Corpoiation 

^ Stock solutions of 1 mg of ammo acid per ml of 0 1 n NH 2 were eaip 1 
These were kept refngerated and were freshly prepared each week 
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Basic Hydiolysis — The pi olein is dissolved in 1 0 ml of 5 0 n NaOH 
and heated in an open tube'' in an autoclave foi 20 houis at 2 atmospheres 
The amount of piotem taken (20 to 50 mg)^ is collected for moistuie 
content as detei mined by diynig a separate sample in vacuo at 100° The 
cooled hydiolj'^sate is acidified with 1 5 ml of 5 n H2SO4, tiansfeired quanti- 
tatively to a 25 ml volumetiic flask, and made up to the mark with water 
The acidified solution is claiified by centiifugation A tryptophan stand- 
ard (1 to 2 7) and a blank are carried thiough the hydrolysis procedure ® 
Acid Hydiolysis — Tire protein sample is heated as above in 1 0 ml of 
7 N H2SO4, neutralized bj'’ the drop wise addition of ammomum hydroxide, 
and diluted to 25 ml with water 





Fig 3 Variation of trj^ptophan and t 3 nosine fluorescence with pH Activating 
wave length = 280 m each case pH 1 0 = 0 1 n H'>S 04 , pH 7 0 = phosphate 
buffer, pH 11 0 = 0 09 n NH, 


Determination of Tryptophan — An aliquot of the acidified alkaline hy- 
drolysate (8 0 ml ) IS diluted to 50 ml with n sodium carbonate The 
final solution (133 to 333 7 of protein per ml ) is activated at 280 mja and 
its fluorescence at 360 mju is compared to that of an appropriate standard 
Determination of Tyrosine — ^An aliquot of the neutralized acid hydroly- 
sate IS diluted 10-fold vuth phosphate buffer, pH 8 0, and activated at 


^ Test tubes of Corning brand No 7280, alkali-resistant glass are used The use 
of standard Pyrex tubes for alkaline hydrolysis results in a high degree of light 
scattering m the final solution owing to the presence of colloidal silicate Scattering 
of the fluorescent light may lead to low results, as much as 20 per cent in error High 
speed centrifugation (about 30,000 r p m ) can be used to minimize light scattering 
Quantities of this magnitude were used in these studies because of the availa- 
bility of the protein employed The sensitivity of the method is such, hovever, that 
samples as small as 100 y may be carried through the same dilution process 

The tryptophan standard is subjected to hydrolysis conditions to correct for 
osses (5 to 10 per cent) during alkaline hydrolysis 
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275 him, and its fluorescence at 310 niAt is compared to that of a standard 
solution of tyrosine (1 to 2 7 per ml ) 

Specificity — ^Full activation and fluorescence spectra of the diluted h) 
drolysates proved identical with those of authentic samples of the respec 
tive ammo acids determined under the same conditions The ease luft 
which full spectra may be obtained makes possible their apphcation to each 


Table I 

Tyrosine and Tryptophan Contents of Known Ammo Acid Mixtures 
The values are given in gm per 100 gm of mixture 


Sample No 

Tyrosine 

1 

I Tryptoptaa 

Added 

Found ' 

Added 

Found 

I 

11 8 

12 1 

1 08 

1 01 

II 

6 31 

6 22 

4 36 

4 25 

III 

9 80 

, 9 85 

0 0 

0 0 

IV 

0 0 

0 0 

2 92 

2 75 


Table II 

Tyrosine and Tryptophan Contents of Protein 
The values are given in gm per 100 gm of protein 


Protein 

Tyrosine 

Tryptophan 

Found 

Given in 
literature 

Found 

Given ra 
Iiteratufe 

Insulin 

11 6 

1 12 25 (2)* 

0 

ni 

Bovine serum albumin 

6 0 

5 5 (4) 

i 0 71 


/S-Lactoglobulm 

3 75 

1 3 69 (5) 

1 1 75 

■1 


* Bibliographic reference 


individual analysis Thus the presence of extraneous fluorescent or ah 
sorbing materials may be readily detected from the shape of the cun^e 

Results — Knoivn amounts of tyrosine and tryptophan when added to 
mixtures of amino acids^ and subjected tohydiolytic conditions were quan 
titatively recovered (Table I) In addition, the tryptophan and tyrosine 
contents of crystalline samples of insulin, bovine serum albumin, an 
|3-lactoglobulm were determined and found to be in good agreement w 
values cited by other workers (Table II) 

’’ Synthetic mixtures of pure ammo acids were prepared which contained appn>^ 
matelj' 5 per cent by weight of each of the folloinug glycine, alanine, vahne, leu 
isoleucine, aspartic acid, glutamic acid, histidine, lysine, serine, threonine, pr ’ 
hydroxyprolme, phenylalanine, methionine, cj'^steine, asparagine, and glc “ 
Known amounts of tryptophan, tyrosine, or both were then added 
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Tryptophan in Plasma 

Plasma proteins aie piecipitated accoidmg to the proceduie of Dunn 
et al (6) The supernatant solution is bi ought to pH 11 and activated at 
280 mu The lesultant single fluorescence band which specificity studies 
showed to arise solely fiom tiyptophan is measuied at 360 mju 

Method — A 1 0 ml sample of plasma is diluted with 4 volumes of water 
and acidified with 0 5 ml of 0 6 n H0SO4 Pi otem is pi ecipitated by the 
addition, with constant shaking, of 0 5 ml of 10 per cent sodium tungstate® 
and IS removed by centrifugation A 3 0 ml aliquot of the clear super- 
natant fluid is transferred to a small centrifuge tube contaimng 1 0 ml of 
0 25 M barium chloiide and the precipitate of barium sulfate and barium 
tungstate is removed by centrifugation ® A 2 0 ml ahquot of the solution 
IS treated vuth 0 5 ml of 2 M sodium carbonate to precipitate excess barium 
1011 and bring the pH of the sample to the optimal value for tryptophan 
fluorescence After centrifugation for 10 rmnutes at 3000 r p m , a small 
volume (1 to 1 5 ml ), which should be clear and coloiless,^® is carefully 
mthdravTi and its fluoiescence is measured as desciibed foi protein hy- 
drolysates 

Standards — ^The above procedure involves an over-all dilution of 1 10 
Since the normal plasma tryptophan level m fasting subjects is quite con- 
stant at about 10 7 per ml , a standard solution of 1 0 7 of pure tryptophan 
per ml m 0 3 M sodium caibonate will, therefore, give a leading close to 
that of the sample As an additional check, internal standards are rou- 
tinely used A sample in which pure water is substituted for plasma is 
earned thiough the entire procedure to serve as a fluorescence blank A 
typical determination m which full fluorescence spectra of sample, internal 
and absolute standards, and blank are employed is illustrated in Fig 4 

Specificity — ^That tryptophan is the only component normally present 
in these plasma filtrates m concentrations high enough to show a measur- 
able fluorescence under the conditions employed was indicated by a number 
of experiments A 1 10 protein-free filtrate and a 1 0 7 per ml solution 
of pure tryptophan, each buffered at pH 4 0, were subjected to a mne plate 
countercurrent distribution, vuth n-butanol as the orgamc phase The 
aqueous phases fiom each tube were made alkahne by the addition of 1 
volume of 2 N ammomum hydroxide, and the fluoiescence was measured 
as desenbed above The distribution of the plasma fluorophoi closely 

* Reagent grade Na2W04 2H2O 

® Tungstate ion has a slight quenching effect upon tryptophan fluorescence and 
niust be removed 

If the blood sample has suffered extensive hemolysis, varjung amounts of pig- 
ments absorbing in the region of tr3^ptophan fluorescence will carry through the pro- 
cedure and result in low readings Although the use of internal standards vull cor- 
rect for this source of error, such samples should be avoided whenever possible 
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approximated that of pure tryptophan, with a maximal concentration of 
fluorescent material appearing in the fifth tube in each case 

As IS the case mth many ampholytic fluorophors, the intensity of tr}-]}. 
tophan fluorescence vanes markedly with pH The fluorescence and acti 
vation spectra of the filtrate were, therefore, compared to those of authentic 
tryptophan samples at various pH values A sharp peak fluorescence was 
observed in each case at pH 11 Although several other mdole denvativfo 
have the same activation and fluorescence maxima as tryptophan, the 



Fig 4 Curve A, absolute standard, 10 7 per ml , Curve B, plasma, Curve C, > 
Curve A, Curve D, plasma + ^ Curve A, Curve E, blank 

variations m fluorescence intensity with changing pH are markedly dif 
ferent for each compound Finally, the fluorescence of both authentic 
tryptophan and the plasma fluorophor was quantitatively quenched bj 
ascorbic acid, inorganic mtrate, thiosulfate, and peroxide 


Results 

Recovery of added amounts of tryptophan from plasma was found to ^ 
excellent When 2 5 to 20 7 of tryptophan were added to 1 0 ml 
of plasma, the mean recovery was 98 7 per cent with a standard devia 
of 1 1 per cent 

The levels of plasma tryptophan of ten fasting normal subjec s 1 ^ 
determined, duplicate runs being made on each blood sample on 2 
days The mean value on the 1 st day was 1 13 mg per 100 ml 
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average deviation of 0 04, on the 2nd day 111 ± 0 05 The average 
variation in the values obtained foi individual samples was 4 7 pei cent 

DISCUSSION 

Fluorometric assay, when applicable, offers a number of advantages over 
other methods of assay Its sensitivity is much higher than that of spec- 
tiophotometry and its specificity is gieatei since it is based on two spectial 
requirements, activation and emission 
The spectrophotofluorometiic assay of tiyptophan and tyrosine m pro- 
tein hydrolysates is a rapid, simple, and specific one and yields values which 
agree vith those obtained by othei accepted procedures The light scat- 
tering by suspended silicates foimed from the action of alkah on glass 
during alkaline hydrolysis of proteins illustrates an important interference 
m this type of assay Fortunately light scattering occurs at the wave 
length of activation and may, therefore, be distinguished from fluorescence 
When scattering is unduly large, it will be immediately evident upon in- 
spection of the spectrum 

The proceduie for determiiung tryptophan m plasma is obviously simplei 
than the bioassay methods now in use The availability of spectrophoto- 
fluorometer type instruments should make plasma tryptophan a useful 
chmcal assay Preliminary studies m this laboratory indicate that, m 
patients with malignant carcinoid, levels of fasting plasma tryptophan are 
frequently below noimal This is consistent with the huge excretion of 
the tryptophan metabolite, 5-hydroxyindoleacetic acid, previously reported 
in patients vuth this disorder (7) Tryptophan tolerance studies m humans 
are also being carried out by using the spectrophotofluorometnc assay 

SUMMARY 

1 Ultraviolet fluorescent spectra of tryptophan and tyrosine have been 
used for the determination of these ammo acids in protein hydrolysates 

2 A spectrophotofluorometnc method for the determination of free 
tryptophan in plasma is described Levels of plasma tryptophan m normal 
fasting subjects weie determined and found to be in good agreement with 
the results of microbiological determinations cited by other workers 
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THE INITIAL STEP IN ENZYMATIC SULFITE OXIDATION* 

By IRWIN FRIDOVICHt and PHILIP HANDLER 

{From the Department of Bioehennstry, Duke University School of Medicine, 
Durham, North Carolina) 

(Received for publication, April 11, 1956) 

Previous studies have established the piesence in hver of an enzjnne sys- 
tem which catalyzes the oxidation of sulfite (1-4) Some of the properties 
of this system have been desciibed (1,2), as well as a procedure for its par- 
tial purification (4) The sj^stem is known to be a complex of several 
enzymes and involves the leversible participation of hypoxanthine or 
inosine (4) and a terminal flavoprotein The present report is concerned 
■mth the imtial event in this series of reactions 

EXPERIMENTAL 

The enzyme preparation used in these studies was identical with that 
employed pieviously and designated Fraction F-IIIA (4) Essentially, it 
was prepared by extraction of acetone-powdered dog hver with 10 volumes 
of 0 05 M phosphate buffer, pH 7 8, lemoval of the protein insoluble at 
pH 5 5, and that precipitated by brief exposure to 60°, and removal of 
nucleic acids with protamine All assays were performed m the presence 
of 0 01 per cent Versene to prevent sulfite autoxidation The preparation 
catalyzes aerobic sulfite oxidation in phosphate or tris (hydroxymethyl) - 
ammomethane buffer and also catalyzes reduction of methylene blue, 
gallocyamn, and other oxidation-reduction dyes 
The anaerobic reduction of methylene blue proved to be inhibited 50 per 
cent by 10“^ m arsemte and by 10~'‘ m p-chloromercuribenzoate (PCMB) 
This level of sensitivity is below that of the pyruvate and ketoglutarate 
oxidase systems in which lipoate is employed, but considerably above that 
of the numerous other enzymes which are sensitive to these agents at con- 
centrations of 0 01 to 0 001 M In contrast, the aerobic oxidation of sul- 
fite was much less sensitive to arsemte, a concentration of 0 01 m was neces- 
sary to achieve 50 per cent inhibition 
It appeared, therefore, that in oxygen the sensitive sulfhydryl groups are 
maintained in the disulfide form and are less readily available to react with 
agents such as arsemte The suggestion thus arose that sulfite oxidation 

This study was supported by a grant from the National Institutes of Health 
(RG-91(C9)) and by contract No AT-(40-l)-289 between Duke University and the 
United States Atomic Energy Commission 

t Postdoctoral Research Fellow, National Heart Institute 
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may involve reversible reduction and oxidation of a disulfide stnicturo 
This was substantiated by the piogiessive nature of PCMB inhibition 
Wheieas premcubation with 0 0025 M PCMB was almost without effect 
the aeiobic oxidation of sulfite was inhibited 5 per cent in the first 10 mm 
utes, 15 per cent in the second 10 minutes, and 40 per cent m the third 
10 minutes 'RTien samples of the enzyme preparation were anaerobicalh 
incubated ivith PCMB and examined spectrophotometiically by the Bojer 
procedure (5) , the presence of sulfite (10 iimoles per ml , pH 7 0) ehcited 



MINUTES 

Fig 1 Oxidation of sulfite and sulfhydrjd compounds by partially purified sulfite 
oxidase Each flask contained 1 0 ml of enzyme and one of the following sulfite, 
10 fimoles (®), cysteine, 20 nmoles (O), dimercaptohpoate, 10 /imoles 
duced glutatluone, 25 jumoles (A), in 2 2 ml of 0 05 m potassium phosphate, pH 18. 
containing 0 01 per cent Versene Fe-III 

the exposure of 0 9 to 2 2 moles of sulfhydryl per 100,000 gm of protein 
Because of the crude state of the enzyme preparation, the absolute valne. 
here are mthout sigmficance, but they aie compatible with the possibilit] 
that sulfite oxidation may involve the leversible participation of 
and sulfhydryl groups 

This possibihty was fuither suppoited by the observation that hot 
dimercaptohpoate^ and cysteine were oxidized by the same preparati®i 

' Dimercaptohpoate was prepared by reduction with sodium borohydnde at 
7, the excess borohydnde was discharged with acid and the dimercaptan iias 
tracted into benzene Almost quantitative yields were obtained when the rea 
was followed by observing the absorption of the disulfide form at 330 m/i i 
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aeiobically, at a late compaiable to that of sulfite (Fig 1) In contiast, 
the oxidation of i educed glutatluone was lelatively slow Fuither evi- 
dence was offeied by the suipiising obseivation that the enzyme system 
lespiied with boiohj'-diide as “substiate ” The addition of 1 0 nmole of 
oxidized hpoate to a vessel containing 20 jumoles of sulfite acceleiated 
ox 3 '-gen consumption by 15 to 40 pei cent In contiast, an equivalent 
amount of cystine effected a 55 pei cent deciease m the late of sulfite oxi- 
dation, again suggesting that hpoate, lathei than cystine, may be the 
souice of the sulfhydiyl gioup involved in sulfite oxidation (Fig 2) When 



Fig 2 Effect of lipoate and various inhibitors on the oxidation of sulfite (O) 
Each flask contained 1 0 ml of enzyme, and 10 /imoles of sulfite in 2 2 ml of 0 05 m 
potassium phosphate, pH 7 8, containing 0 01 per cent Versene Fe-III Appropriate 
flasks contained 1 0 nmole of hpoate (A), 1 0 nmole of cystine (□), 4 nmoles of cys- 
teine thiosulfonate (B), or 4 nmoles of thiosulfate (•) 

the enzyme preparation was offered a rmxtuie of sulfite (10 pmoles) and 
dimercaptohpoate (10 pmoles), the late of oxidation was not sigmficantly 
greatei than that observed when the smaller dimercaptohpoate concentra- 
tion was employed, thus indicating that the same reaction step is limiting 
in the enzymatic oxidation of these compounds However, when cysteine 
and sulfite were similarly combined, the late of oxygen consumption, while 
imtially rapid, soon dechned markedly, presumably because of the inhibi- 
tory effect of the cystine so formed 

measuring the sulfhydryl produced by the Boyer procedure (5) Per sulfhydryl re- 
leased, the usual reaction with mtroprusside was about 10 per cent that with cysteine, 
presumably accounting for the statement that hpoate cannot readily be reduced by 
borohydride (7) 
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SULFITE OXIDATION 


A senes of sulfur-contaimng acids was tested as possible inhibitors of sul 
fite oxidation Benzenesulfomc acid, pyndine-3-sulfomc acid, ethane 
and methanesulfonic acids, cysteic acid, and cysteinesulfimc acids were 
found to be -without effect Inorganic thiosulfate, however, proved to be 
an effective inhibitor of sulfite oxidation both aerobically and in the dje 
reduction assay (Fig 2) 

The structure of thiosulfate, S — SOj", suggested a possible mechanism 
for the initial step in sulfite oxidation Bisulfite is known to react vith di 
sulfides, cleaving them to a sulfhydryl and thiosulfonate (6) Thus, were 

R— S— S— R + HSOr R-SH + R-S-SO,- 

HSOa" to leact -with a disulfide component of the enzyme system, sub'e 
quent hydrolysis of the thiosulfonate would yield a second sulfhydryl group 
and sulfate Were lipoate the disulfide in question, the mechanism might 
be depicted as shown in Fig 3 


- s 

I + HSO3 

-s 


-S-SO3 

-SH 


HgO^ 


- SH 

+ SO^+H^ 

-SH 


Fig 3 The initial steps in sulfite oxidation 


Since cystine inhibited sulfite oxidation, cysteine thiosulfonate was pre 
pared from cystine (6) and was found to inhibit sulfite oxidation, aerobi 
cally and m the dye reduction system, about as effectively as does thiosul 
fate (Fig 2) As neither thiosulfate nor cysteine thiosulfonate inhibited 
the oxidation of dimercaptohpoate or cysteine, it was concluded that these 
agents may inhibit sulfite oxidation by competing -with the active thiosul 
fonate in the hydrolytic step of the sequence sho-wn in Fig 3 Accordinghi 
it seemed desirable to determine whether the enzyme preparation iias 
capable of catalyzing the hydrolysis and subsequent oxidation of hpoate 
hemithiosulfonate However, several attempts to prepare this compound, 
by modifications of the procedure used to prepare cysteine thiosulfonate, 
failed Similar results have been reported by Cal-vin and are in keeping 
mth the unusual nature of hpoate as a disulfide (7) Indeed, since 
the hpoate system is 0 2 volt below that of cysteine while E'o for the ou J 
tion of sulfite is of the same order as that of cysteine (8), it is unreasons 2 
to expect sigmficant net synthesis of hpoate hemithiosulfonate 
consideration also accounts for the fact that no sigmficant appearance 
— SH groups was detected when sulfite and oxidized hpoate in subs 
amounts were incubated anaerobically -with the enzyme preparation 
the reaction followed at 330 mu - 

The sum of these observations, viz oxidation of cysteine and dimercap 
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hpoate, sensitivity of sulfite oxidation to aisenite and PCMB inhibition, 
catal 3 ’'sis of sulfite oxidation by hpoate but inhibition by cystine, and inhi- 
bition by cj'^stenic tlnosulfonate and by thiosulfate, affoids stiong evidence 
in suppoit of the leaction sequence shown in Fig 3 and suggests but does 
not establish that hpoate is the disulfide compound involved 
Soibo (9) has postulated a mechanism foi the action of ihodanese which 
involves addition of thiosulfate acioss an enzyme-bound disulfide group 
The similaiity of such a leaction with that pioposed above, the mhibition 
of sulfite oxidation bj'^ tluosulfate, and the inhibition of rhodanese by sul- 
fite lepoited bj'' Soibo led us to investigate the rhodanese activity of our 
enzyme preparations Guide piepaiations of both rat and dog liver sulfite 
oxidase were iich in ihodanese Howevei, the final, partially purified 
preparations were practically devoid of ihodanese activity Rhodanese 
and the sulfite-oxidizing system are, therefore, distinct entities 

SUMIMARY 

The oxidation of sulfite by a partially purified enzyme system from dog 
liver IS inhibited by sulfhydryl reagents, thiosulfate, cysteine thiosulfonate, 
and cysteine but accelerated bj'' hpoate The preparation also oxidizes 
dimercaptohpoate and cysteine It is concluded that the initial event in 
sulfite oxidation in this sj'’stem is reaction with a disulfide to form a thio- 
sulfonate which is hydiolyzed to a sulfhydryl compound and sulfate It 
IS suggested that hpoate may be the souice of the disulfide group 
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ENZYMATIC SYNTHESIS OF ADENOSINE-5 '-PHOSPHATE 
FROM INOSINE-5'-PHOSPHATE* 
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Studies on the synthesis of cytidine nucleotides revealed that the enzyme 
IS specific for undine polyphosphate, and that NH 3 is the direct source of 
the amino group (1, 2) It was of interest to investigate the amination of 
a purine nucleotide to determme whether the reactions are similar In a 
prehmmary report (3), evidence obtained with enzyme preparations from 
Escherichia coli, strain B, was presented for the synthesis of A 5 P^ in a 
two-step reaction sequence involving I5P, not a nucleoside pol 3 q)hosphate, 
and L-aspartate, not NH3 

COOH 


(1) N=C— OH + L-aspartate + GTP -> N=C— N— CH + GDP -f Pi 


H C C— N 


COOH 


H C C— N 


N— C— N 


N— C— N 


nbose-5'-phosphate 1 

ribose-5'-phospbate 

I5P Adenylosuccinate 

Adenylosuccinate — > ASP -j- (fumarate) 

In the first step, ISP and L-aspartate are condensed to form adenylosucci- 
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' The abbreviations used are as follows inosine-5'-phosphate, ISP , inosine diphos- 
phate, IDP, inosine triphosphate, ITP, guanosine-5 '-phosphate, G5P, guanosine 
diphosphate, GDP, guanosine triphosphate, GTP, adenosine-5 '-phosphate, A5P, 
adenosine diphosphate, ADP, adenosine triphosphate, ATP, cjtidine triphosphate, 
CTP, undine triphosphate, UTP , inorganic orthophosphate, P , 
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nate (equation (1)), a compound first synthesized by Carter and Cohen (4) 
This leaction is mediated by an enzyme called adenylosuccinate synthase 
A5P IS then formed by the cleavage of adenylosuccinate (equation (2)) a 
reaction fiist desciibed by Carter and Cohen (4) with an enzyme from 
yeast These results aie in agreement wuth those of Abrams and Bent 
lej'' (5) who observed the over-all reaction with rabbit bone maiiow extracts 

The purpose of this report is to present in more detail the evidence for 
reactions (1) and (2) and to describe some of the properties of reaction (1) 

Materials and Methods 

Pieparaiion of Cell-Free Extract — E coh, strain B, was grown on a g!u 
cose and morgamc salts medium* at 37° mth vigorous shaking UTiea 
the optical density, measuied with a Coleman jumor spectrophotometer at 
540 m/x, was approximately 0 7, the cultuiesweie cooled, and the cells verc 
collected by centiifugation at 3° Cell-free extracts were prepared hv 
gnnding nuth alurmna (Alcoa A-30i, 2 5 gm per gm of packed, wet cells) 
(6) and extracting wnth potassium phosphate buffer (0 005 m, pH 7 2, 5 5 hi! 
per gm of wet cells) Insoluble matenal was removed by centrifugation 
(approximately 10,000 X g) 

Materials — I5P and ATP were obtained from the Sigma Chemical Com 
pany as the crystalhne sodium salts GDP, GTP, TJTP, IDP, and ITP 
were obtained from the same source and were further punfied by anion 
exchange or paper chromatography G5P, ADP (Sigma Chemical Com 
pany), and cytidme di- and triphosphate (Pabst Brewing Company) vere 
used without further purification 

8-C‘^-A5P wms synthesized enzymatically from radioactive ademne and 
5'-phosphoribosyl pyrophosphate (7) 8-C^^-I5P was prepared from ibe 

labeled A5P by deamination with Schmidt’s deaminase Concentration 
was effected by adsorption and elution from Nont 6-0^®-I5P was ob 
tamed by enzymatically deammating A5P m H20^® The reaction nuxtuK 
(1 25 ml ) contamed 1 0 ml of H20^® (6 13 atom per cent excess), 0 15 ml 
of ammomum formate buffer (5 m, pH 5 9), 0 05 ml of ASP (0 645 m), and 
0 05 ml of Schmidt’s deaminase When spectiophotometnc examination 
of ahquots revealed that the reaction wms complete, the deaminase vas 
destroyed by heating in a boiling watei bath for 2 rmnutes Water and 
ammomum formate weie removed by iyophihzation 

The preparation and crystalhzation of l,4-C*^-L-aspartic acid veiepa! 
viously described (8) Phosphoenolpymvic acid was prepared according 

s 1 5 gm of KHjPO^, 13 S gm of Na 2 HP 04 , 0 2 gm of MgSO^ THsO, 20 gm 
NH,CI, 10 mg of CaCb, and 0 5 mg of FeS04 THsO were dissolved m distilled 
to 900 ml After sterilization by autoclaving, 100 ml of a sterile 4 per cent so u 
of glucose were added 
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to the procedure of Baer and Fischer (9) and purified by anion exchange 
chromatography (10) NH 2 OH was prepared from (NH 20 H) 2 S 04 by treat- 
ment with solid Ba(OH )2 

Phosphopyruvate kinase was crystaUized from rabbit muscle by the 
procedure of Beisenherz ct al (11) and Schmidt’s deaminase was prepared 
by the method of Kalckar (12) 5 '-Nucleotidase, purified from bull semen 
by the procedure of Heppel and Hiilmoe (13), was a gift from Dr L A 
Heppel 

Dekrminatton^ — ^A5P was estimated with Schmidt’s deaminase by Kal- 
ckar’s method (14) Pentose was determined by the method of Mejbaum 
(15) and protein was determined by the procedure of Lowy et al (16) 
Orthophosphate was estimated according to Fiske and Subbarow (17), 
acid-labile phosphate was the orthophosphate hberated after hydrolysis 
for 12 minutes in 1 n H 2 SO 4 at 100°, and total phosphate w^as obtained as 
orthophosphate after ashing w ith an H 2 SO 4 -HNO 3 mixture Radioactivity 
measurements w ere made with a gas flow*^ counter after drying the samples 
in alumuium dishes 

Adenylosuccinate Synthase — ^Adenylosuccinate synthesis (equation (1)) 
w'as measured in several ways Usually the enzyme was estimated with 
the Beckman DU spectrophotometer by the increase m optical density at 
280 mjn in test mixtures w'herem GTP w'as constantly regenerated from 
the GDP formed (Assay I) GTP regeneration occurred at the expense 
of ATP and was catalyzed by a nucleoside diphosphokinase (18) present 
as a contaminant in the enzyme preparation When it wms desirable to 
avoid the reqmrement for GTP regeneration, a larger amount of GTP W'^as 
added and ATP w'as omitted (Assay II) Assay I has the advantages of 
a lower blank absorption and of proportionality of adenylosuccinate syn- 
thesis over a wider range of enzyme concentrations 

When compounds having high optical absorption at 280 my, w^ere tested 
or when greater sensitmty w^as required, C^^-L-aspartate was used m the 
assay nuxture, and adenylosuccinate synthesis w^as measured as the radio- 
activity which remained on an anion exchange column after elution of the 
aspartic acid (Assay III) 

Assay I — The reaction mixtures (0 7 ml ) contained 0 1 ml of glycine 
buffer (1 M, pH 8 0), 0 04 ml of MgCh (0 1 m), 0 04 ml of ATP (0 001 m), 
0 04 ml of phosphoenolpyruvate (0 01 m), 30 umts of pyruvate phospho- 
kmase, 0 05 ml of L-aspartate (0 01 m), 0 01 ml of GTP (0 001 m), 0 06 ml 
of I5P (0 005 m), and the enzyme preparation After 30 nunutes at 37°, 
0 5 ml of perchloric acid (7 per cent) was added and insoluble material w^as 
removed by centrifugation The increase in optical density (280 my) was 
determined by comparison with a control mixture to w^hich one omitted 
component (I5P, GTP, aspartate, or enzyme) w'^as added after the perchlo- 
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nc acid A unit of enzyme was deiBned as the amount yielding an increase 
in optical density of 0 100 during the test period Specific activity 
defined as umts of activity pei mg of piotem 
Under the conditions of Assay I, the rate of adenylosuccinate formation 
V as proportional to the amount of enzyme ovei the range tested Thik 
the number of enzyme umts per ml ivith 0 01, 0 02, 0 03, 0 04, 0 06, and 
0 08 ml of enzyme solution were 90 0, 92 0, 92 6, 94 0, 88 2, and 85 1, 
lespectively The rate of reaction was essentially hneai for 60 nunutcj 
Thus with a constant amount of enzyme, 74 4, 86 4, 82 8, 84 2, 80 0, and 
75 8 umts of enzyme per ml were calculated to be present after incubation 
for 5, 10, 20, 30, 45, and 60 mmutes, respectively 
Assay II — ^The reaction mixtures (0 7 ml ) contained 0 1 ml of glycine 
buffei (1 M, pH 8 0), 0 04 ml of MgCl 2 (01 m), 0 05 ml of L-aspartatc 
(0 01 m), 0 03 ml of I5P (0 005 m), 0 10 ml of GTP (0 001 m), and the 
enzyme preparation The conditions of mcubation and spectrophotometnc 
examination were the same as those for Assay I 
Under the conditions of Assay II the rate of adenylosuccinate formation 
was proportional to the amount of enzyme over only a narrow lange, Ofo 
2 umts Thus, the increase in optical density (280 m/i) per ml of enzjTiie 
solution in 30 rmnutes was calculated to be 12 6, 13 4, 12 5, 12 2, 10 9, and 
9 4 with 0 005, 0 01, 0 015, 0 02, 0 03, and 0 04 rnl of enzyme, respective!} 
A gradual decrease in reaction rate occurred with time 
Assay III — The test mixtures (0 7 ml ) were the same as those for Assai 
II except that 0 06 ml of 1 ,4-C^^-L-aspartate (0 0056 m, 590,000 c p m per 
/imole) was substituted for the unlabeled ammo acid and a larger amount 
of enzyune was used (about 10 umts) After 30 rmnutes at 37° the reaction 
was stopped by heatmg in a boiling water bath for 2 rmnutes and 2 ml of 
water were added to increase the volume Insoluble matenal was dis 
carded by centrifugation and the supernatant solutions w'ere cliromato- 
graphed on columns of Dowex 1, chloride foim (2 per cent cross-hnhcd, 
height 2 cm , diameter 1 cm ), at 3° Aspartic acid was eluted vath lOOnd 
of 0 01 N HCl, adenylosuccimc acid with 5 ml of 1 n HCl Radioactmti 
measurements were made on aliquots (0 2 ml ) of the 1 N HCl eluate and 
a self-absorption correction factor of 2 25 was apphed 

Results 

PunficaUon of Adenylosuccinate Synthase — ^Purification of the eDzjan^ 
was earned out at 0-3° unless othermse indicated Recoveries of 
greater than 100 per cent are considered to result in large part from • 
removal of the adenylosucemase activity (equation (2)) . 

Treatment with Streptomycin — ^To 50 ml of cell-free extract 13 mj 
5 per cent solution of streptomycin sulfate (Merck) were added wf ’ ■- 
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rmg After 5 minutes tlie stiingy piecipitate was discarded by centrifuga- 
tion (streptomycin fi action, Table I) 

Loio pH Ticaimcnt L — The pH of the stieptomycin fraction (66 ml ) was 
adjusted to 5 4 by the addition of 0 1 m acetic acid (6 to 7 6 ml ) mth Stir- 
ling The solution Avas kept in a watei bath at 37° for 10 to 15 minutes 
with constant stiiimg It was then cooled and the supernatant solution, 
obtained by centrifugation, was neutrahzed with 1 m KOH (low pH fraction 
I, Table I) 

Preapiiahon iinih Ammonwm Sulfate — To the low pH fraction I (60 ml ) 
30 ml of glycine buffer (1 m, pH 9 6) followed by 30 9 gm of anunomum 
sulfate were added with stiiimg After 5 nunutes, the precipitate was 
discarded by centiifugation and an additional 8 4 gm of anunomum sulfate 


Table I 

Purification of Adenylosuccinate Synthase 


Enzyme fraction 

Volume of 
solution 

Total units* 

1 

Total 

protein 

Specific 

activity 


mV 

Hi 

1 

units per mg 
protein 

Cell-free extract 

50 


590 

3 7 

Streptomycin 

56 

wBm 

353 

11 1 

Low pH I 

60 


226 

31 4 

Ammomum sulfate 

40 

I 4240 

53 

80 0 

Low pH II 

1 

20 

2060 j 

9 0 1 

229 


* The low recovery of activitj'- in the more crude preparations is considered to be 
due to the further metabolism of some of the adenylosuccinate formed 


were added to the supernatant fluid The precipitate, collected after 5 
nunutes, was dissolved in water to a volume of 40 ml (ammomum sulfate 
fraction, Table I) 

Low pH Treatment II — 0 1 M acetic acid (2 5 to 3 5 ml ) was slowly added 
to the anunomum sulfate fraction unth stirnng to lower the pH to 4 3 
After 10 nunutes, the precipitate was obtained by centrifugation and dis- 
solved m glycine buffer (0 05 M, pH 8 6) to a volume of 20 ml (low pH 
fraction H, Table I) The experiments reported heie were earned out 
with the low pH fraction II which was fiee of adenylosucemase activity 

Stoichiometry of Reaction 

The stoichiometry of adenylosucemate formation (equation (1)) was 
studied With C^^-labeled aspartate (Table II) Amon exchange chromat- 
ographic analysis revealed that the condensation of I5P and n-aspartate 
was accompamed by an eqmvalent disappearance of GTP and appearance 
of GDP and P, I5P was identified by its chromatographic behavior and 
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by its absorption spectrum (peak at 249 mfi, X 260 /X 260 = 1 60, Xjso/Xv, 
= 0 21, at pH 2), and GDP and GTP by their chromatographic properticj, 
and absorption spectrum (peak at 256 m/u, X 260 A 260 = 0 99, X 280 /X 260 = OGS 
at pH 2) GDP and GTP were further charactenzed by their molar ratios 
of guamne, pentose, acid-labile P, and total P of 1 00 1 02 1 02 2 01 and 
1 00 0 94 1 94 2 90, respectively Adenylosuccinate was identified by its 

Table II 

Stoichiomelry of Adenylosuccinate Synthesis 
The reaction mixture (29 4 ml ) contained 4 2 ml of glycine buffer (1 n, pH S 0) 
1 68 ml of MgCh (0 1 m), 1 68 ml of C*^-carboxyl -labeled L-aspartate (0 01 m, 147,000 
c p m per #imole), 0 85 ml of ISP (0 01 m), 1 42 ml of GTP (0 0059 m), and 416 unit 
of adenylosuccinate synthase (specific activity 225) An aliquot of the reaction 
mixture (15 ml ) was placed immediately in a boiling water bath for 2 5 minutes, tte 
remainder was incubated at 37“ for 50 minutes and then heated for 2 5 minutes ins 
boiling water bath Aliquots (12 ml ) of the reaction mixtures were chromato 
graphed on columns of Dowex 1, chloride form (2 per cent cross-linked, height 5 cm, 
diameter 1 cm ), at 3“ Aspartic acid and ISP were eluted separately with a solution 
of 0 01 N HCl, adenylosuccinate, with 0 01 n HCl-0 025 m KCl, GDP, with 001 v 
HCl-0 05 M KCl, and GTP, with 0 02 n HCl-0 2 m KCl Aspartic acid was estimated 
by radioactivity measurements, ISP, adenylosuccinate, and the guanosme nucleo 
tides by spectrophotometnc measurements at 250, 267, and 260 m/i, respective!) 
P 1 was estimated before chromatograph}'’ according to Fiske and Subbarow (17) 



0 mm 

so mm 


SpeciJe 

activity 


fttnoles 

fimoles 


total c pm 

cpm ptr 
nmok 

I5P 




0 


GTP 




0 


L-Aspartate 

6 87 


-1 66 

-244,020 


Adenylosuccinate 

0 00 

1 61* 

mSEm 

-f 227, 180 


GDP 

0 00 

1 72 


0 


P, 

0 39 

2 08 

BH 




* A value of 1 66 /imoles was obtained for adenylosuccinate production by opticj! 
density measurements at 280 m/i before chromatography 


absorption spectrum (4) (peak at 267 m/x, X 2 B 0 /X 260 = 0 64, X 280 /X 260 ” 
at pH 2, peak at 269 m/i, X 2 B 0 /X 260 = 0 60, X 28 o/X 26 o = 0 81, at pH 12) au 
by the molar ratios {Em 267 m^i at pH 1 = 16 9 X 10^ (4)) of pentose as 
total P of 0 99 and 0 96, respectively No detectable Pi was bberaf 
during incubation in 1 n H2SO4 in a boiling water bath for 15 minutes, bu , 
from 0 107 pmole, 0 109 ;tmole of P, was released by 5 '-nucleotidase (1 / 
As can be seen from Table II, the specific activity of the adenylosuccina c 
(141,100 c p m per pmole) was essentially the same as that of the n-aspaf 
tate 
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Specificity of Substrates 

IBP — "V^nieii liypoxantlune oi inosine Avas substituted for ISP, no detect- 
able synthesis of aden 3 dosuccinate occuired With IDP and ITP, the 
leaction late ivas 19 8 and 5 7 per cent of that with ISP, respectively 
The activity of the inosine polyphosphates may lesult fiom their conversion 
to ISP 

The abihty of S'-phosphoiibosyl-S-anuno-4-unidazolecarboxainide^ to re- 
place ISP vas tested vuth ladioactn'-e L-aspaitate (Assay III) With no 
additions, 0 1 pinole of the aininoimidazolecaiboxamide ribotide, and 0 1 
/imole of ISP, 0, 68, and 40,600 c p m , respectively, were found in the 
aden 3 dosuccmate aiea The acyclic compound dijd not inhibit the reaction 
vuth ISP, a test mixtuie contaimng both nucleotides yielded 38,900 c p m 
in the aden 3 dosuccinate aiea 

'L-Aspartaie — The follovnng compounds ivere found tjo be inactive NH 3 
(0 01 m), L-asparagiiie, n-aspaitate, L-glutamate, L-glutamine, /?-alamne 
(each 7 X lO"^ m), and DL-a-alanme (1 4 X 10~^ m) Inhibition of adenylo- 
succinate synthesis was absent or was less than 10 per cent 

GTP — ^No adenylosuccinate foimation occurred m the absence of GTP 
By usmg Assay I, the follomng compounds weie found to be totally m~ 
capable of replacing GTP ASP, GSP, GDP, and the di- and triphosphates 
of adenosme, cytidme, undine, and inosine The nucleoside triphosphates 
(each 0 1 //mole) were also tested A\uth the more sensitive chromatographic 
assay (Assay III) with the following results none, 0, ATP, 0, CTP, 0, 
UTP, 29S, ITP, 270, GTP, 39,S00 c p m of adenylosuccinate The activ- 
ity observed with UTP and ITP may be due to their contamination vuth 
GTP 


Effect of pH and Other Factors on Adenylosuccinate Synthesis 

The effect of pH and other factors was measured vuth the spectrophoto- 
metric assay mvolving no regeneration of GTP (Assay II) 
pH — The rate of adenylosuccinate s 3 mthesis was studied as a function 
of pH with glycine and orthophosphate buffers With the glycine buffers 
the optimal pH range was 7 3 to 7 8 At pH 6 6, 8 4, and 9 2 the reaction 
rates were 63, 51, and 0 per cent, respectively, of the rate m the optimal 
range With the phosphate buffers (0 07 m) the optimal range was pH 
7 to 8, but the maximal rate of adenylosuccinate synthesis was only 80 
per cent of that with glycine buffer 

Mg++~ln the absence of added Mg++ no adenylosuccinate synthesis 
occurred The reaction rate was improved by mcreasing the Mg^ con- 
centration up to 0 003 M as foUows at 0, 3 8, 7 5, 15, 30, and 60 X 10-* 
M Mg++, the optical density increase (280 m^t) was, respectively, 0 000, 
’ Kindly supplied by Dr G E. Greenberg 
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0 060, 0 122, 0 178, 0 236, and 0 242 The Mg++ requirement could not 
be satisfied by Co++ or Zn++, but with Mn’’^' and Ga++ (each 0 006 ii) the 
rate of adenylosuccinate synthesis was 64 and 40 per cent, respectively of 
that with (0 006 m) 

Inhibitors — ^Approximately 50 per cent inhibition of adenylosuccinate 
synthesis occurred ivith 10“* m GDP, 0 01 m glycylglycine buffer (pH 7 5), 
0 08 M tns(hydroxymethyl)aimnomethane buffer (pH 7 5), and 0 03 jiKaF 
The inhibitory action of GDP explains, at least in part, the gradual decrease 
in the rate of adenylosuccmate synthesis encountered mth Assay II Un 

L- ASPARTATE, 10'^ M 



Fig 1 The rate of adenylosuccinate synthesis as a function of substrate conccn 
tration The reaction mixtures containing 2 0 units of adenylosuccinate syntha'e 
(specific activity 237) were prepared as for Assay II except that varying amounts of 
L-aspartate, GTP, or ISP were used The rate of adenylosuccmate synthase vas 
estimated by the increase in optical density at 280 m;i after 30 minutes 


der the conditions of this assay an accumulation of GDP occurs luhibi 
tion by glycylglycine buffer could be almost completely reversed by w 
creasing the Mg"^ level Thus, with 3, 6, 15, and 30 X 10~^ m Mg^i 
per cent inhibition with 0 007 m glycylglycme was 61, 39, 18, and 
respectively Acetylglycme, DL-alanylglycine, and DL-alanylglycylglyca’^ 
(each 0 014 m) were not inhibitory 

ConcmtraMon of Substrates — The influence of the concentrations of loPi 
GTP, and L-aspartate on the reaction rate is shown in Fig 1 ' 

at which the rates were approximately half maximal were 3 X 10 


4 X 10“^ M, and 1 X 10~^ m for I5P, GTP, and n-aspartate, resp 


ectivcb 


Reversibility of Adenylosuccinate Synthase Reaction 

The reversal of the synthase reaction should lead to the incorpora|>^ 
of P 1 mto GTP (equation (1)) To test for reversibihty, a reaction nu\ 
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(1 03 ml ) was piepared containing 100 /nmoles of glycine buffer (pH 8 0), 
4 juinoles of ]\IgCl 2 , 0 5 /nmole of GDP, 0 5 /nmole of adenylosuccinate, 10 
/nmoles of Pi “(6 3 X 10^ cpm pei /nmole), and 20 2 umts of adenylo- 
succinate synthase (specific activity 219) After incubation at 37° for 60 
minutes the mixtuie was heated in a boiling water bath for 2 minutes, 
1 5 /nmoles of unlabeled GTP weie added, and the solution was chromato- 
giaphed on a column of Dowe\ 1, cUoride foim (2 per cent cross-linked, 
height 3 cm , diameter 1 cm ), at 3° P„ adenylosuccinate, and GDP were 
washed off the column with 105 lesin bed volumes of a solution of 0 01 n 
HCl-0 05 M KCl GTP, recognized by its chromatographic behavior and 
absorption spectrum, was eluted with a solution of 0 02 n HCl-0 2 m KCl 
and contained 39,086 cpm The specific activity of the six fractions 
which contained 96 per cent of the optical density umts and 95 5 per cent 
of the ladioactivity in the GTP area ranged from 25,300 to 26,700 cpm 
per /imole "VtTien adenylosuccinate was omitted from the test mixture, 
only 2101 cpm were found in the GTP area 

Reaction with NH^OH 

When NH 2 OH replaced L-aspartate, a product was formed which was 
detected by an increase in optical density at 280 m/z Substrate require- 
ments for its formation were the same as those for adenylosuccinate syn- 
thesis Thus, the increases in optical density with no GTP, I5P, or enzyme 
and nath the complete system were 0 020, 0 003, 0 000, and 0 272, respec- 
tively With no NH 2 OH, the increase was 0 011 

To obtain a sufiicient amount of the product for its characterization, a 
test mixture (14 0 ml ) n as prepared containing 2 mmoles of glycine buffer 
(pH 8 0), 80 /imoles of MgCb, 1 2 mmoles of NH2OH (pH 7 0), 10 /zmoles 
of G^-I5P (92,400 cpm per /tmole), 1 /imole of GTP, and 388 umts of 
adenylosuccinate synthase (specific activity 216) After 90 minutes at 37° 
the enzyme was destroyed by heating and the mixture was chromato- 
graphed on a column of Dowex 1, chloride form (2 per cent cross-hnked, 
height 3 cm , diameter 1 cm ) at 3° A new compound (11 9 density umts 
at 265 m/i, X 280 /X 260 = 0 59, X 260 /X 260 ~ 0 72, peak at 265 m/i, at pH 2) 
appeared between 2 and 5 resin bed volumes of 0 01 n HCl The origin 
of the compound from I5P was indicated by its specific activity (93,150 
cpm per /imole, assuimng Em 265 m/i at pH 2 = 16) and by the molar 
ratios of purine base, pentose, and 5 '-nucleotidase-hydrolyzable P of 
1 00 1 05 0 94 Paper chromatography of the compound (solvent = 57 
parts of isobutyric acid, 4 parts of concentrated NH4OH, and 39 parts of 
watei) revealed a single ultraviolet-absorbing spot {Rr = 0 41) which 
yielded a chromogen with acid-FeCls solution (19) , the color formed was 
blue The compound has been tentatively identified as 6-A-hydroxy-A5P 
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Mechanism of Adenylosuccinate Synthase Reaction 

Mien GTP, I5P, or L-aspartate was omitted, chiomatographic analjsb 
earned out at pH 7 or 8 at 3° failed to leveal the accumulation of any new 
compounds in reaction nuxtuies contaimng eithei ladioactive I5P (530,000 
c p m per ^imole) oi L-aspartate (590,000 c p m per ^mole) 

The possibihty was considered that an activated mteimediate composed 
of a complex of GDP vuth I5P oi L-aspaitate is foimed but does not ac 
cumulate In this case, as illustrated foi the GDP-I5P complex (equation 
(3)), the incorpoiation of P,^^ into GTP might be expected to occur m the 
absence of aspartate The failure to find any difference in Noiit-adsorb- 
able P^^ with test mixtures lacking I5P, L-aspartate, or enzyme did not 
support this hypothesis 

(3) ISP -f- GTP I5P-GDP + Pi 

Evidence consistent with the foimation of a phosphorylated mteimediate 
was obtained m experiments with O'® In one experiment, the test mi\ 
ture was prepared exactly as described m Table II except that the loP 
contamed O'® on carbon atom 6 After 60 minutes at 37° the enzjune was 
destroyed by heating m a boihng water bath for 2 mmutes P, (free ol 
aspaitate and ISP), GDP, and GTP were isolated by amon exchange chro- 
matography The fractions contaimng the guanosine nucleotides were 
combined, water was removed by lyophihzation, and the mixture was h) 
drolyzed by heatmg for 15 minutes at 100° in 1 n HCl 

Analysis of the oxygen derived from the P, and from the guanosine 
nucleotide phosphates yielded the foUowmg results ' P,, 4 88, nucleotide P, 
0 00, ISP, 4 90 atom per cent excess O'® 

Formation of A5P from Adenylosuccinate 

To study its further metabohsm, 0 48 /imole of adenylosuccinate labeled 
ivith C" in the ring (specific activity 20,450 c p m per ^xmole) was incubated 
vuth a cell-free extract from E coli Amon exchange chromatography of 
the deproteimzed reaction mixture revealed the formation of 0 46 /imole ol 
ASP (specific activity 19,420 c p m per pmole) The ASP was lecogmzed 
by its chromatographic behavioi (eluted fiom Dowex 1, 2 per cent cross 
hnked, between 1 5 and 5 5 lesm bed volumes of 0 01 n HCl, peak at 3o 
resin bed volumes) and by its absoiption spectrum (peak at 258 m/i, 

= 0 82, X28o/k2Go ^ 0 23, at pH 2) Further characteiization ivas obtain 
by conversion with Schmidt’s dearmnase to a compound having the absorp- 
tion spectrum of inosine ISP (0 45 ^umole, specific activity 19,460 c pm 
per pmole) was isolated by chromatography on Dowex 1 (eluted betwco'' 

^ The value for P, has been corrected for dilution by the unlabeled oxygon at®® 
of H 3 PO 4 , the value for the labeled oxygen of ISP was calculated 
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3 and 10 resin bed volumes of 0 05 n HCl, peak at 7 resin bed volumes of 
eluent) 

DISCUSSION 

The synthesis of adenylosuccinate as an intermediate in the conversion 
of I5P to A5P provides an impoitant role for this compound The possi- 
bihty that othei pathways for adenylosuccinate synthesis exist has been 
considered One such pathway might involve the condensation of aspar- 
tate with 5-amino-4-imidazolecaiboxamide ribotide followed by nng clo- 
sure With the enzyme from E coh no evidence was obtained for a loss 
of carbon atom 2 from ISP Thus, formate was not required for adenylo- 
succinate synthesis, C^^-formate was not incorporated into adenylosuccinate, 
no product possessing a diazotizable amine (20) accumulated, and the 
carboxaimde ribotide appeared to be non-reactive m the synthesis of ad- 
enylosuccmate 

An interesting feature of the adenylosuccinate synthase reaction is the 
requirement for GTP In only two other defined systems (exclusive of 
nucleoside mono- and diphosphokinase systems) has GTP been shown to 
serve as a phosphate donor in the synthesis of sucemyl coenz 5 Tne A (21) 
and with chicken hver oxalacetate carboxylase (22) 

With regard to the mechamsm of energy transfer from GTP, two types 
of intermediates were considered GDP-substrate and phosphoryl-sub- 
strate The GDP-substrate hypothesis was weakened by the failure to 
observe any incorporation of P, into GTP in the absence of either aspartate 
or I5P It was further weakened when the transfer of 0^® from the 6 
position of I5P to P, was observed during the condensation of I5P and 
L-aspartate Formation of a GDP-aspartate or GDP-I5P complex cannot 
account for the observed fate of the oxygen atom vnthout invoking com- 
plicated reaction mechamsms 

Of the two possible phosphoryl-substrate complexes, only 6-phosphoryl- 
I5P could yield adenylosuccinate by the simple mechamsm of a nucleo- 
philic attack (23) on carbon atom 6 of I5P (equation (4)) The synthesis 
of adenylosuccinate from W-phosphoryl-L-aspartate would involve a more 

(4) >1: * 

R— C— 0— PO, CO OH -1- OPO, 

T 1 

N R— C— N— C 

I I 

C— COOH C 

I 1 

C— COOH COOH 

G-Phosphoryl-ISP' 

‘ R represents ISP exclusive of carbon atom 6 which is shown as C 
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simultaneous double displacement reaction 

-> COOH + OPO, 

R— C— N— C 

1 

C 

I 

COOH 

iV-Phosphoryl-L-aspartate 

The authoi ivishes to thank Dr George Drysdale for carrying out tl 
0^® determinations and for many helpful discussions 

SUMMARY 

1 An enz3mie named adenylosuccinate synthase, partially purified fror 
Escherichia coli, strain B, catalyzes the reaction 

Inosme-S'-phosphate (ISP) + L-aspartate -j- guanosme triphosphate (GTP) 
adenylosuccinate 4- guanosme diphosphate (GDP) + inorganic orthopbosphat 

2 Adenylosuccinate is cleaved by cell-free extracts to yield adenosine 
5 '-phosphate 

3 The requirement for GTP for adenylosuccinate synthesis could no 
be satisfied bj’’ GDP oi by the triphosphates of adenosine or cytidine 
With uridine and inosine triphosphate the rate of the reaction was less that 
1 pel cent of that with GTP 

4 The lesults of experiments wnth 6-0^®'labeled ISP suggest the inter 
mediary synthesis of 6-phosphoryl-I6P and the formation of adenylosuc 
cmate by the displacement of the phosphate group by L-aspartate 
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Several hypotheses have been advanced in attempts to account for the 
abihty of certain thiol (SH)- or disulfide (SS) -containing compounds to re- 
duce the biological lesions caused by ionizing radiation (1, 2) It is clear 
that, in pure aqueous solutions, ladiochemical transformations are for the 
greater part mediated by products formed by the interaction of lomzmg 
radiation vnth water molecules (3) At the present time the favored hy- 
pothesis seems to be that these protective agents exert then action by 
reducmg the number of radiation-mduced free radicals (1, 2, 4) How- 
ever, we have recently found that when cystamine, one of the most potent 
protective agents (5, 6), is present in a biological medium, its abihty to in- 
activate free radicals is far too low to account for its protective abihty in 
VIVO (7) A reinvestigation of the detailed biochemistry of cystamine was 
therefore deemed desirable 

In the present paper, the metabohsm of sulfur-labeled cystaimne and 
cysteamine has been studied by means of methods which permitted the 
detection of 10“'^ mg of cystamine or cysteaimne sulfur It has been es- 
tabhshed that, after intraperitoneal admimstration of protective doses to 
mice, by far the greater part of the cystaimne or cysteamine occurs m 
chemical combination with proteins and other constituents m serum and 
m the red cells During the period of optimal protection only a rmnor 
fraction of cystamine oi cysteaimne is present in free form It is suggested 
that this extensive, but temporary, binding of cystaimne or cysteaimne 
to tissue constituents is causally related to the protective abihty of 
these compounds Evidence is presented that the fixation is due to the for- 
mation of nuxed disulfides between cysteamine and the SH groups of body 
constituents, a phenomenon which appears to be of general biochemical 
mterest 


Materials and Methods 

Cystamine-S^® dihydrochlonde was synthesized (8, 9) vnth a specific ac- 
tivity of 3 5 to 6 me per mg of S, giving under our conditions of measure- 

* Supported by grants from The Norwegian Cancer Society and from The Norwe- 
gian Research Council for Science and the Humanities 
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ment 0 74 to 1 27 X 10® c p m per y of sulfur when counted on p'lpcr 
strips O^Hiatman No 1) 

Labeled cysteanune hydrochloride was prepaied by electrolytic reduc 
tion of labeled cystainine dihydrochloride by a piocedure similar to the 
one described for the reduction of glutathione (10) 4 0 mg of C3fstaminc 

S®® dihydiochloiide, dissolved in 0 5 ml of phosphate buffer (0 067 m, pH 
2 5) on top of a mercury suiface of 1 13 cm 2 , weie subjected to a direct 
cuirent of 3 54 ma per cm ^ The reduction under these conditions, as de 
termined bj’- lodometry, was found to be completed aftei 20 rainutcj 
Paper chromatographic analysis estabhshed that cysteanune was the onli 
labeled product 

Male adult imce (body weight 24 to 30 gm ) were used in the e\pen 
ments The labeled compounds Avere given by mtrapentoneal injection 
The doses used (1 6 to 4 0 mg ) w^eie of the same magmtude as those shoivn 
to affoid piotection against lomzing radiation After the desired time in 

tervals, blood samples (5 to 10 mg ) from a cut m the tail were draira into 
heparimzed capillaries One end of the capillaiy was carefully sealed, and 
the blood corpuscles were separated from the seium by centrifugation 
The hematocrit value vas measured on the centiifuged capillaries 
Serum and blood coipuscles w^ere obtained by dividing the capillary a 
the interface Weighed amounts of serum and blood corpuscles non 
taken for deteinunation of their total radioactivity The isolated blooc 
corpuscles were diluted 1 10 with physiological sahne, hemolyzed by th 
addition of sapomn, and centrifuged free of cell debns The clear bo 
molj'-sate and the serum samples v ere analyzed as described below 
The proteins of the serum samples were separated by paper electrophone 
SIS on Whatman No 1 paper strips (width 1 8 cm ) in Veronal buffer at pH 
8 6 (ionic strength 0 1,05 ma per strip, 18 hours) At alkahne reaction 
cystaimne and cysteanune carry a positive charge and migrate in the direc 
tion opposite to the proteins The paper in which the proteins migrate is 
therefore uncontanunated by radioactivity The hemoglobin was isolated 
by papei electrophoiesis under identical conditions, except that glyci’’*^ 
buffer at pH 9 5 was used The ladioactive compounds were located and 
measured by means of a stiip counter The proteins on the electrophoreto 
grams were subsequently stained by Amidoblack lOB and their relatne 
amounts were deteirmned colorimetrically according to Grassraann an 
Hanmg (11) 

Ahquots of seium and the red cell hemolj^sate were also analyzed 
descending papei chromatography Whatman No 1 paper stiips, trea 
with 1 M KCl and 0 067 m sodium phosphate buffer at pH 7 4, vere 
The solvent consisted of equal parts of isopropanol and ethanol intli iia 
added to a final concentration of 15 pei cent The same mi\ture 
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placed in the bottom of the chromatography tank In this system cys- 
tamine as well as rmcroamounts of cysteamme appears at 0 40 When 
larger amounts of C3'^steamine weie piesent, a broad peak with Rp 0 53 ap- 
pealed in front of the mam peak at Rp 0 40 (Fig 6, (T), possibly because of 
incomplete oxidation of the cysteamme (12) Taurine appears at Rp 0 17, 
hypotauime (2-anunoethanesulfinic acid) at Rp 0 25 (12), ^ and sulfate at 
Rp 0 0 

At the end of the experiments, the blood was collected by heart punc- 
tuie The total blood volume of the animal was assumed to be 7 per cent 
of the body weight 

Ahquots and dilutions v ere determined by weight The specific gravi- 
ties of whole blood, blood corpuscles, and serum were taken as 1 06, 1 09, 
and 1 03, respectively 


Results 

Blood Radioactivity Distribution, Time Studies, Cystamine Experiments — 
The expenment to be described below is one of thiee experiments which 
gave nearly identical results 

A male white mouse, weighing 28 gm , was injected mtrapentoneally 
i\ith 2 30 mg of cystamine-S’® dihydrochloride Blood samples were col- 
lected at intervals after the injection 

Typical examples of the protein radioactivity patterns obtamed after 
paper electrophoresis are presented in Figs 1 and 2 It is apparent that 
substantial amounts of radioactivity were bound to the hemoglobm and to 
the various serum proteins The quantities of found in the various 
hlood fractions (serum albumin, total serum protein, total serum, hemo- 
globin, and whole blood) are presented in Fig 3 The radioactivity of 
each fraction has been calculated for the total blood volume and is ex- 
pressed as per cent of the injected dose It appears that, durmg the 1st 
hour after the admimstration, the radioactivity is divided between serum 
and red cells roughly corresponding to the hematocrit value, while, at 
later tunes, a relatively greatei part is found in the serum The striking 
fact IS that, durmg the period of maximal protection (10 to 45 imnutes), 
the protein-bound radioactivity, in serum as well as m red cells, constitutes 
a considerable fraction of the total radioactivity The fraction of the 
radioactivity bound to the proteins appears to be maximal within the first 
15 mmutes and subsequently decreases 

The paper chromatograms of the serum samples (Fig 4) demonstrated 
the presence of cystamine or cysteaimne and their known metabohtes 
hypotaunne and taurine (13, 14) In order to obtam a complete separa- 

* Since under our conditions the Rp of hypotaunne vanes from 0 20 to 0 27 and that 
of taunne from 0 11 to 0 18, reference compounds were always run simultaneously 
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PINK RED 


Fig 1 The binding of cystamine radioactivity to hemoglobin The red cell 
collected 30 minutes after intrapentoneal admimstration of 2 3 mg of cystamine-S* 
to a mouse weighing 28 gm , were hemolyzed and subjected to paper electrophorea 
m glycine buffer at pH 9 5 The radioactivity was measured in a strip counter am 
the protein pattern obtained was measured colorimetrically after staining will 
Aimdoblack lOB For further details see the text 



Fig 2 The binding of cystamine radioactivity to serum proteins The serua 
sample was collected 30 minutes after intrapentoneal administration of 2 3 mg ® 
cystanune-S^® to a mouse weighing 28 gm and subjected to paper electrophoresis 
Veronal buffer, pH 8 6 For further details see the text 


tion of these compounds, the chromatograms were run for an addition 
12 hours after the front had left the paper In Fig 4 the 
constituent is expressed as imcrograms of the labeled sulfur injected ou 
per ml of serum, perimtting direct comparisons of the amounts 
different times It is apparent that sigmficant amounts of hypo “ 
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Fiq 3 The S’® distribution among certain blood fractions at various times after 
intrapentoneal administration of 2 3 mg of cystanune-S*' to a mouse weighing 28 gm 



DISTANCE TRAVELED IN CENTIMETERS 

Fiq 4 The appearance of radioactive metabolites in serum after intrapentoneal 
administration of 2 3 mg of cystamine-S’® to a mouse weighing 28 gm Paper chro- 
matography was carried out in isopropanol-ethanol-water at pH 7 4 Rp 0 17 = 
taurine, Rp 0 24 = hypotaurine, and Rp 0 40 = cystamine 
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and taunne did not appear until 90 to 120 imnutes after the injection, deni 
onstrating that in nuce the conversion of cystamine and cysteannne to 
h 5 ^potauiTne and to taurine is a fairly slow process, as previously has been 
found to be the case in rats (13) As will be discussed later, the radioic 
tmty on the starting hne represents mainly protein-bound radioactmtj 
Cysieaimne Experiments — Two separate cysteamine experiments iiludi 
gave iieaily identical results were earned out 
A male mouse, weighing 26 gm , was injected intrapentoneally mth 1C 



Fig 5 The S’® distribution among certain blood fractions at various times after 
intraperitoneal administration of 1 6 mg of cysteamine-S’® to a mouse neighm? 
26 gm 


mg of cysteaimne-S^® hydrochloride Blood samples were collected at in 
tervals after the injection 

The distribution of the radioactivity among the various blood fraction' 
(Fig 5) was essentially the same as that in the cystamine expenmen! 
Thus, after cysteanune adimmstration as well, an extensive fixation of S 
to intra- and extracellular proteins occurs The amount of iion-protein 
bound radioactivity in seium was smallei than that in the cystamine w 
periment 

Detailed Blood Radioactivity Distribution 30 Minutes after Cystamine n 
jection — ^A male mouse, weighing 24 gm , was injected jntrapenton 
with 4 0 mg of cystaimne-S^® dihydrochloride After 30 minutes, 
blood xvas collected by heart puncture Serum and red cell hemo}-^ 
analyzed in quadiuphcate In Figs 6, A and 7, A typical examp 


were 
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cy|ta^ine 


REFERENCE CHROMATOGRAM 

Pig 6 Paper chromatographic separation of the labeled compounds in serum 30 
minutes after intraperitoneal administration of 4 0 mg of cystamine-S^® to a mouse 
weighing 24 gm A, untreated serum, B, after addition of 5 mg of unlabeled c 3 "ste- 
amine per ml of serum, C, control chromatogram of a mixture of 0 7 mg of cj’^s- 
tamine and 4 35 mg of unlabeled cysteamine per ml (phosphate buffer 0 067 m, 
pH 7 4) 

of the radioactivity patterns after paper chromatography are shown Fig 
8 presents the average results 

In agreement tvith the previous results approximately 50 per cent of the 





348 


ACTION OF X-RAY PROTECTIVE AGENTS 


serum radioactivity occurs in combmation ivith the serum proteins Ap- 
proximately 20 per cent of the serum radioactivity appears to be present 
as free cysteamine or cystamine and 9 per cent as hypotaurme Two addi 
tional constituents appeared on the chromatograms from serum The 
compound with Rf 0 08 most probably is identical with the mixed disulfide 
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Fig 7 Paper chromatographic separation of the labeled compounds in hemoi) 
sate of red cells collected 30 minutes after intrapentoneal administration of 4 0 mg 
of cystamine-S’‘ to a mouse weighing 24 gm A, untreated hemolysate, B, after n 
dition of 2 5 mg of unlabeled cysteamine per ml of hemolysate 

between glutathione and cysteamine, since the Rf values of the unbnoi''!’ 
compound and that of the synthetically prepared mixed disulfide are la® 
tical m the above system as well as m a phenol system ^ The compo 
having an Rp value of 0 82 has not yet been identified On the startin? 
hne of the serum chromatogram (Rp 0 0) 57 per cent of the radioactni> 

* Phenol saturated with an aqueous solution of 6 3 per cent tnsodium citrafy^ 
3 7 per cent sodium dihydrophosphate The paper was pretreated w it ^ 

The Rp of the mixed disulfide of glutathione and cysteamine was 0 48 m t w 
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was found This is 10 per cent in excess of the amount found by paper 
electrophoresis to be fixed to the pioteins This excess may, at least in 
part, be present in the foim of sulfate (13) The serum radioactivity not 
accounted for, denoted m Fig 8 by a question maik, represents the sum of 
the small amounts of ladioactivity found between the above well defined 
peaks 

The radioactivity bound to the hemoglobin corresponded to 26 per cent 
of the total radioactivity of the red corpuscles In the paper chromato- 
grams of the red cell hemolysate 55 per cent of the radioactivity remained 



Fig 8 Diagram of the distribution among blood constituents 30 minutes after 
intraperitoneal administration of 4 0 mg of cystamine-S’^ to a mouse weighing 24 
gm The mixed disulhde between glutathione and cysteamine is denoted as GSSB 

on the startmg hne Thus, in addition to the hemoglobm-bound radioac- 
tivity, 29 per cent of the red cell radioactivity does not imgrate in this sys- 
tem It IS considered unhkely that this amount could be due to sulfate 
alone At the Rf values of hypotaurine and cystamine only small amounts 
of radioactivity (6 and 6 6 per cent, respectively) could be detected Fur- 
thermore, a small amount of radioactivity appeared at the front of the 
chromatograms 

Chemical Nature of Protein-Bound Radioactivity — Experiments m this 
laboratory have demonstrated that when cystaimne or cysteamine is in- 
cubated with isolated proteins, cysteamine residues become bound to the 
protein SH groups with the formation of mixed disulfides (7) In order to 
estabhsh whether the protein-bound radioactivity in the present experi- 
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ments in vivo likewise arose from a fixation of cysteamine residues, an o'? 
cess of inactive cj’-steamine was added to the serum and to the red cell 
hemolysate, and paper electrophoresis and paper chromatogiaphy were 
subsequently carried out 

The ladioactivity patterns obtained w^ere alteied in the expected man 
ner Thus, the electrophoretograms revealed that the treatment reduced 
the ladioactivity of the proteins by 95 per cent Also, the amounts of 
radioactivity remaimng on the starting line of the chiomatograms (Fig 
6, -S) were strongly reduced, the radioactivity reappeanng at Ur 0 40, the 
Rr oi cystamine, and in a broad peak with 72^ 0 53 An almost identical 
radioactivity pattern ivas obtained w'hen, in control experiments, radio 
active cystamine w’^as chromatographed aftei the addition of inactne 
cysteamine (Fig 6, C) Rechromatography of the radioactivity eluted 
from a small band at Rr 0 53 (Fig 6, B) estabhshed the nature of this peak, 
since the radioactivity appeared as a single spot at the R? oi cystamine 

The cysteamine treatment of the red cell hemolysate led to results sura 
lar to those desenbed foi serum From a companson of Fig 7, A. with 
Fig 7, B there can be no doubt that the bulk of the radioactmty released 
from the starting hue by the cysteamine incubation appeared as cystamine 

DISCUSSION 

The data presented in this paper demonstrate that, upon admimstration 
of cystamine or cysteanune to mice, the major part of cystamine or cyste 
amine in blood occurs in chenucal combination with the blood proteins and 
with simpler compounds such as glutathione We have previously shoira 
(7) that, in vitro, cystamine and cysteanune may form sigmficant amounts 
of nuxed disulfides wath the free SH groups of proteins and simpler com 
pounds The importance of nuxed disulfide formation is also evident from 
the recent study of Kolthoff et al (15) w^ho have measured the equibbnum 
constants of several SH-SS systems Previously, mixed disulfides vere 
beheved to be unstable intermediates, occurring only in insignificant 
amounts in exchange reactions between thiols and disulfides (16) 
present data, w^hich constitute strong evidence that mixed disulfides are 
formed to a large extent in vivo, suggest that the phenomenon is of general 
biochemical sigmficance 

The finding that, after protective doses of labeled cystamine oi cyste 
amine to mice, only'- a minor fi action of the blood radioactivity is present 
as free cystanune or cysteamine supports our conclusion fiom picMOU 
studies in vitro (12, 7) that inactivation of radicals by cystamine or cya 
tearmne randomly distributed throughout the water phase of the tissue^ 
cannot adequately explain the protective abihty of these compoun s i 



L ELDJARN AND A PIHL 


351 


VIVO The slo^Yla^e of foimation of taurine and hypotauiine rules out the 
possibihtj’- that they can be lesponsible for the x-iay protection affoided 
by cystanune oi cj’^steamine 

The results focus the inteiest on the interaction of cystanune and cyste- 
annne with biological taiget gioups It is of interest to note that the 
piotein fixation is maximal duiing the initial 30 minutes after the adminis- 
tiation of the dose, % e duiing the peiiod when optimal protection against 
ionizing radiation is found It is also significant that essentially the same 
extent of protein binding was obtained whether cystanune or cj'^steamine 
Y as adnumstei ed It iv ill be recalled that these t\\ o compounds have been 
found to have nearly identical protective ability (17, 18) The data sug- 
gest that the extensive, temporary binding of cystanune and cysteanune to 
body constituents is causally related to the ability of these compounds to 
protect against ionizing radiation 

SUMMA.RY 

The metabohsm in mice of the x-ray protective agents cystanune and 
cysteanune has been reinvestigated with the aid of S^^-labeled compounds 
of extremely high specific activity 

In principle the same results were obtained whether cystanune or cyste- 
anune v as admimstered During the period when these compounds offer 
optimal protection, the bulk of the cystanune and cysteanune in blood 
occurred bound to intra- and extracellular proteins and to other blood 
constituents Evidence is presented that this is due to the formation of 
mixed disulfides between cysteanune and the SH groups of the body con- 
stituents 

The radiobiological sigmficance of the data has been discussed 
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THE SYNTHESIS OF Ss^-LABELED HYPOTAURINE 
AND ITS METABOLISM IN RATS AND MICE* 

Bt LORENTZ ELDJARN, ALEXANDER PIHL, 

AND ARNE SVERDRUPf 

{From Norsk Hydro's Institute for Cancer Research, The 
Norwegian Radium Hospital, Oslo, Norway) 

(Received for publication, April 10, 1956) 

Hypotaurine (2-aminoethanesulfimc acid) is known to be formed from 
cysteine in rats (1) In mammals this conveision may proceed either by 
way of cysteinesulfimc acid (2), cystamine-cysteamine (3), or possibly by 
way of cystamine disuKoxide (4, 5) However, the study of the metabo- 
lism of h 3 T)otaurme has been hampered by the diflBculties involved m pre- 
paring the pure compound (6-8) The only study known to the authors 
m which hypotaurine was used is the demonstration by Cavalhm et al (9) 
that the adnumstration of a lelatively large dose of hypotaunne to a rat 
led to an increase m the urinary excretion of taurine 
In the present paper a simple procedure for the synthesis of h 3 T)otaurine 
from cystamine is reported The method has enabled us to prepare S^®- 
labeled hypotaurine with a specific activity of 4 me of S®® per mg of sulfur 
With the labeled hypotaurine its conversion to taurine in mice and rats 
was confirmed In addition, an extensive and rapid sulfate formation was 
demonstrated 


EXPERIMENTAL 

Synthesis of Hypotaunne — 1 05 gm of HgS04, dissolved in 7 ml of 2 25 
N H2SO4, were added, at room temperature, to a stirred solution of 100 mg 
of cystamine dihydrochlonde in 3 ml of 2 25 n H2SO4 This treatment 
dismutates cystamine according to the following reaction 

+ + + 

(HjNCHjCHjSIj + Hg++ + Cl- H3NCH2CH2SO2H -f H3NCH2CH2SHgCl 

The solution was made 15 per cent with respect to ethanol and the pre- 
cipitated mercaptide was removed by centrifugation The supernatant 
fluid was reduced to a small volume by lyophihzation and again clarified 

by centrifugation 

Supported by grants from The Norwegian Cancer Society and from The Norwe- 
gian Research Council for Science and the Humanities Part of the data was pre- 
sented at the Proceedings of the Swedish Biochemical Society, Gothenburg, June 
3-4, 1955 
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SINTHESIS OF S®®-LAFELED HYPOTAURINE 

The hypotaunne as isolated by cation exchange chromatography on a 
Doaacx 50 column The column, 10 X 0 6 cm , Avas pietreated A\ith 2 a 
NaOH, 1 N HCl, and 0 2 n NHs in succession The hypotaunne was 
eluted AAuth 0 2 n NHa and appealed in a pure state in a 2 to 3 ml rnni'c 
AA'hen 50 to 100 ml of effluent had been collected The yield at this statre 
AA as 14 to 23 per cent (theoretical yield 25 per cent) Upon paper chro- 
matography in an ethanol-isopiopanol system (10), all the radioactmti 
appeared in a narroAV band at Rf 0 25, coinciding AAuth that of S3Titholic 
hypotaunne, kindly furmshed by Dr J AAAmpara Crystalhne hypo- 
taurine (m p 170°) AAms obtained after freeze-drying of the eluate and 
crystallization fiom AAmter-ethanol-ether mixtures 
S®®-labeled hypotaunne aa^s similarly prepared from 10 mg of cjs 
tamine dihydrochloiide (11) The yield aa^s 2 mg The specific actmti 
AA'^as identical AAuth that of the eystamine (4 me of per mg of S) 
Animal Experiments — A male mouse Aveighmg 28 gm Avas injected in 
trapentoneally Avith 1 26 mg of hypotaunne-S®^ At interAmls blood sani 
pies AA'ere taken from the tail, and the serum proteins and the hemoglobin 
AAmre isolated by paper electrophoiesis Aliquots of the serum samples 
collected aftei 15 and 30 minutes Avere analyzed in duplicate by descending 
paper chromatography in the ethanol-isopropanol system The radioac 
tmty on the chromatograms and on the electrophoretograms Avas measured 
by means of a strip counter The details of the analytical procedures ha\e 
been desciibed previously (12) 

The mouse Avas placed in a glass jar and urine AA^as collected during the 
first and second 24 hour peiiod The free sulfate of the urine samples was 
precipitated as barium sulfate and the radioactivity Avas detei mined after 
being plated at saturation thickness Aliquots from the 24 hour sample , 
as AA'^ell as from the fieshly voided urine samples obtained 4 and 24 hours 
after the injection, respectively, Avere analyzed in duplicate in the abme 
chromatographic system 

Tavo experiments Aveie carried out Avith rats Since the results Avere al 
most identical, only one of the expeiiments aaoU be described in detail A 
male rat AA’-eighing 225 gm Avas injected Avith 0 5 mg of hypotaunne-S” 
The ammal Avas placed in a metabolism cage and urine Avas collected for C 
days The free sulfate of the uiine samples AA’-as precipitated AAuth benzidine 
at pH 5, recrystalhzed, and finally piecipitated as barium sulfate The 
total sulfate was obtained as barium sulfate after acid hj'^drolysis for - 
mmutes The total sulfur Avas precipitated after Avet oxidation (3) 

The validity of the procedures described for the determination of r« 
and total sulfate radioactivity AA’'as checked by the folloAA'ing expenmen 
0 1 mg of hypotaunne-S^® aa^s added to a 10 ml portion of urine, an rM 
and total sulfate AAmre isolated as described above No more than 2 / n” 
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6 24 pel cent of the added hypotaunne radioactivity were recoveied in the 
fiee sulfate and in the total sulfate fiaction, lespectively 

RESULTS AND DISCUSSION 

In the mouse expeiiment, the papei chiomatograms fiom serum (Fig 1) 
levealed that, 30 minutes aftei the injection, the amount of taurine (Rf - 
0 13) alieady exceeded that of labeled hypotaunne (12^ 0 23), demonstrat- 
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Fig 1 Paper chromatograms of serum samples after intiaperitoneal administra- 
tion of 1 26 mg of hypotaurine-S’® to a mouse m eighing 28 gjn In the system used 
the Rp of hypotaunne is 0 25 and that of inorganic sulfate 0 0 For further details 
see the text 

mg that this conversion, m contrast to previous statements (3, 13), takes 
place at a fairly rapid rate The most striking fact apparent from the 
chromatograms is the presence of a large fraction of the radioactivity on 
the starting hne In the light of the urine findings to be discussed below, 
this radioactivity no doubt must be attributed to the presence of morgamc 
sulfate, which fails to migrate in this system The serum proteins likewise 
fail to migrate in this system, but the paper electrophoretogiams shoved 
that no radioactivity was bound to the proteins 
In Fig 2 the results of the chemical and chromatographic analyses of 
the pooled urine samples are shovm It is apparent that approximately 
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SYNTHESIS OF S^®-LABELED HYPOTATJRINE 

50 pel cent of the urine radioactivity v as recovered as sulfate, partlj m 
free and partly m esterified form The total activity as sulfate agreed 
closely vith the activity retained on the starting line of the paper cliro 
matograms 



Fig 2 Fig 3 

Fig 2 Radioactivity distribution in urine following the intraperitoneal adminis 
tration of 1 26 mg of hypotaurine-S’® to a mouse weighing 28 gm Analyses of the 
pooled 0 to 24 and 24 to 48 hour samples are shown The columns represent the re 
suits of paper chromatographic analyses 

Fig 3 Paper chromatographic separation of the labeled compounds in fresh ) 
voided urine samples collected by capillary 4 and 24 hours after intraperitoneal a 
ministration of 1 26 mg of hypotaurine-S’® to a mouse weighing 28 gm For furt e 
details see the te\t 


The paper chromatograms showed that dunng the first 24 hour pen 
approximately equal amounts of taurine and hypotaunne vere excre i 
whereas dunng the subsequent 24 hour period predoimnantly taunne 

excreted j i nd 

The chromatograms of the freshly voided urine samples obtained 
24 hours after the injection of hypotaunne (Fig 3) verified the extensi' 
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and rapid sulfate foimation and also the hypotaunne to taurine lelation- 
slup mentioned above In addition, a constituent with the Rf of cystamine 
was present in the urine collected after 4 hours This constituent was 
absent in the seium chromatograms and in the urine collected aftei 24 
hours Since this peak was only found in urine samples in which sub- 
stantial amounts of hypotaunne were present (Figs 2 and 3), it appears 
plausible that in mine a spontaneous i eduction of hypotaunne may take 
place with the formation of cystamine and the intermediary reduction 
steps (cystanune sulfoxides) This view is supported by our finding that 
hypotaunne, m buffered solutions of pH 5 to 7, is slowly converted to cys- 
tamme when SH compounds are present In the hght of this evidence, it 
appears hkely that the cystamine disulfoxide, isolated by Cavalhm et al 
from the urine of rats fed cj’^stine (5), represents a urinary reaction product 
rather than an intermediate in the hypotaunne formation 


Table I 

Urinary Excretion of /S’® Following Intraperitoneal Administration of 
0 6 Mg of Hypotaurine-S^^ to Male Rat Weighing 225 Gm 


1 

Per cent of administered radioactivity 

1st day 

2nd day 



Total 

recovered 

Free SOi 

4 7 

1 1 

2 3 

1 

1 9 

10 0 

Total “ 

5 5 

1 3 

3 2 1 

2 0 

12 0 

“ S 

12 8 

2 9 

8 6 

4 2 

28 5 


In the rat experiment, in Avhich a quantitative collection of urine was 
achieved, about 30 per cent of the mjected radioactivity could be ac- 
counted for m the urme (Table I) Also m this case almost 50 per cent of 
the radioactivity in the urine was recovered as sulfate It is clear from 
the check experiment mentioned above that only a neghgible fraction of 
this radioactivity could be due to coprecipitated hypotaunne 
Although in the mouse experiment no more than 16 per cent and in the 
rat experiment no more than 30 per cent of the injected radioactivity was 
accounted for, the data demonstrate beyond doubt that, in addition to the 
conversion of hypotaunne to taurine, an extensive sulfate formation takes 
place This preferential conversion of hypotaunne to sulfate raises the 
possibihty that a sigmficant fraction of the sulfate formation from cysteine 
proceeds by way of hypotaunne SiSce attempts to demonstrate a direct 
hberation of sulfur from cystamine and cysteamine have consistently failed 
and, furthermore, smce there is only a limited formation of sulfate from 
taunne (3), hypotaunne appears to be an obhgatory intermediate in the 
sulfate formation from cystamine and cysteamine (14) Our data also in- 
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dicate that hypotauime cannot be reduced biologically, as no cystamine 
peak could be detected in the chiomatograins from semm 

SUMjMARY 

A simple proceduie foi the synthesis of hypotauime (2-aininoethanc- 
sulfimc acid) is repoited By this method hypotauiine-S^® has beenpr^ 
paied and its metabohsm has been studied in rats and mice 
The conversion of hypotauime to taunne is confiimed Furthermore, a 
lapid and extensive formation of sulfate fiom hypotaunne is demonstrated 
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CONCENTRATION AND COMPOSITION OF SERUM 
LIPOPROTEINS OF CHOLESTEROL-FED AND 
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(From the Department of Physiology of the University of California 
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(Received for publication, April 2, 1956) 

Most of the studies on seium lipopiotems have dealt mth the concen- 
trations of specific gioups of these lipoproteins under a variety of experi- 
mental and clinical conditions Recently we piesented a method foi 
measuring the hpide and piotein compositions of four hpoprotein fractions 
that accounted foi total serum lipoproteins (1) The separation of the 
fractions was based on the ultiacentrifugal flotation technique as developed 
by Lmdgren et al (2), and each fraction was analyzed foi protein, phos- 
phohpides, free and esterified cholesterol, and triglycerides Although 
considerable variation in the concentrations of the various hpoprotein 
fractions was observed among the five species studied, namely, man, dog, 
rabbit, rat, and chicken, the composition of each hpoprotein fraction with 
respect to protein and various hpides was similar for the sera of these five 
species 

The present report deals mth the concentrations and the composition of 
the various hpoprotein fractions in the serum of birds that were either fed 
cholesterol-rich diets or injected ivith stilbestrol The interest in these 
two expenmental conditions lies in the fact that both induce arteriosclerosis 
m the bird and that the latter induced arteiial degeneration even when 
the birds were fed diets low in lipide content (3, 4) 

EXPERIMENTAL 

Treatment of Animals — 2 month-old white Leghorn cockeiels were di- 
vided into three groups The fiist group, which served as controls, was 
fed Purina broiler chow ad libitum, the second group was fed ad libitum a 
diet consisting of Purina broiler chow to which had been added 1 per cent 
cholesterol and 5 per cent Wesson oil, and the third group received, at 
bimonthly intervals, subcutaneous implants of 24 mg of diethylstilbestrol 
and were fed Purina broiler chow ad libitum 

Nomenclature of I/ipoprotein Fractions — In the interest of clarity and in 
ordei that the lipoproteins analyzed in this investigation may be compared 

Aided by grants from the United States Public Health Service and the Life In 
surance Medical Research Fund 
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SERUM LIPOPROTEINS 


mth those isolated and characterized by other means, both the nomcn 
clature used m this paper and those of other investigators are presented m 
Table I From the close correspondence in composition between our 
Fraction C and ai-hpoprotem, as isolated by the Cohn system and firit 
analyzed by Oncley and Gurd (8), we have concluded that the tnoate 
identical Complete analyses for a 2 -hpoprotein have not been published, 
but its identity with our Fraction B seems to be indicated from the choice 


Table I 

Nomenclature of Lipoprotein Fractions 


neasity range 
used for j 

separation ^ 

Designation of 
fractions used 
here 

Gofman’s classification 

Electrophoresis classification 

jrjl 005* 

1 Alt 

S/ 20 and higherf ' 

No corresponding fraction 

ipvl 063 
-^1006 

A2t 

S/ 0-20t 

/3-Lipoprotein (6, 6) 

r,! 107 
-^1 063 

B 

1 075§ 

an-Lipoprotem (6) 

220 
■^1 107 

C 

1 145§ 

ai-Lipoprotem (8) 

•Dl 220 

D 




* The superscript represents the highest density medium used for separation of 
the fraction, and all lipoproteins m this fraction will have densities less than tte 
value of the superscript ,ie, these lipoproteins will undergo flotation when centn 
fuged in a medium of density represented by the superscript The subscript repre 
sents the lowest density medium used in preparing the fraction, and all lipoprotein' 
in this fraction will have densities greater than the value of the subscript, t c , the e 
lipoproteins will undergo sedimentation when centrifuged in a medium of densitv 
represented by the subscript The media are prepared at 20° 

t In our previous paper (1) we used the term Fraction A to designate the combmfl 
Fractions A1 and A2, i e Fraction D* 

X These are the lov density lipoproteins (2) The chylomicrons are most htdl 
lipoproteins of S/ 400 and higher 

§ The figures represent their approximate hydrated densities These arc tfc' 
high density lipoproteins (7) 

terol to phosphohpide latios (1) Neither the /3-hpoprotein nor our 
Fraction A2 is homogeneous, although the compositions of both fractrou' 
are similar (1) 


Lipoprotein analyses 

Preparation of Lipoprotein Fractions — ^The method used here is a 
ification of that desenbed earher (1), and only the pertinent changes nft 
given In noimal birds, good separation of the hpoprotem fractions 
obtained when 5 ml of a serum were centrifuged in a single tube 
the experiments with cholesterol-fed and stilbestrol-injected 
found necessary to centrifuge several smaller samples of serum (0 5 to 
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to obtciin R clcRr scpRiRtioii of tliG low density lipoproteins ^ Tlie serum 
sample was tiansfeiied to a lotor tube, and enough 1 1 per cent NaCl was 
added to jneld a final volume of 9 ml with a density approximately that 
of serum (1 006) The tube (No I in Fig 1) was capped, and the contents 
were mixed by inversion Tube I vas then centrifuged for 24 hours at 
30,000 rp m Aftei centiifugation, FiactionAl, which wasat the top of the 


Tube I 


(density 

1006) 


Fraction A I 


Tubell 


Fraction 
As + B — 


( density 
adjusted 
to 1063) ol 


— 

(transferred,! 






-‘^''■'hibell ) 






-(density of bottom 
layer adjusted 
to I 107 ) 


-Fraction As+B 


-Fraction C + D 


ci 


(density adjusted 
to I 220 ) 


Fraction Az 


Fraction B] 


Fraction C 


Fraction D 


Fig 1 Scheme for lipoprotein fractionation represents centrifugation in the 
preparative ultracentrifuge as described in the text Only the fractions enclosed in 
the rectangles ■were removed for analysis 

tube, was transferred to a 50 ml centrifuge tube vuth a short, comcal bot- 
tom by means of the suction device described pretnously (1) The density 
of the solution remaimng in Tube I was adjusted to 1 107 by the addition 
of 1 35 gm of sohd KBr, and enough 1 1 per cent NaCl was added to bung 
the volume up to 9 ml Tube I was capped, and the contents were mixed 
by inversion until the sohd KBr dissolved This tube was then centrifuged 
for 20 hours at 30,000 r p m 

After centrifugation, the top layer contained Fractions A2 and B, and 
t e bottom layer contained Fi actions C and D The top layer in Tube I 
was transferred to another rotor tube (No II in Fig 1) cahbrated at 4 ml 

In cholesterol-fed birds the presence of a lipemia vas associated vith an exag- 
gerate tendency to gelation of the sera, whereas in the stilbestrol-treated birds the 
th^ gelation was less than that in normal birds Frequentlj the gelation in 

e c 0 esterol-fed birds w as so great that the sera were not suitable for analysis 
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The contents of Tube II were brought to a volume of 4 ml voth 14 percent 
ICBr The density of this mixtuie was adjusted to 1 063 by the addition 
of 5 ml of 5 per cent KBi Tube II was capped, and the contents wore 
imxed by inversion 

Next, 1 5 gm of sohd KBi were added to the residue in Tube I, thetiik 
V as shaken briefly, and the volume of the imxture ivas made to 9 a] bv 
addition of a 14 per cent KBi solution Tube I was capped, and the con 
tents were mixed by inversion until the KBi dissolved The densiti of 
this solution was 1 220 at 20° Tubes I and II weie centrifuged at 30,000 
r p m for 24 houis 

This third centrifugation separated the contents of Tube II into a narrow 
yellow layer (Fraction A2) at the top and a clear one (Fraction B) at the 
bottom Tube I contained a dark yellow layer at the top (Fraction C) 
and a clear lower layei (Fraction D) 

Fractions A2 and C were transferied to individual 50 ml centrifuge ^ub^ 
Fraction B was divided into two parts, and each part was transferred to a 
separate 50 ml centrifuge tube Fraction D was transferred to a 125 ml 
Erlenmeyer flask 

Extraction and Purification of Lipides — The hpides were extracted from 
each fraction with a 6 2 1 mixture of alcohol, ether, and chloroform a' 
described pre\aously (1) The KBr m the hpide extracts interfeies with 
the determination of cholesterol and esterified fatty acids, and it was there 
fore removed by the following procedui e The combined extracts wei e trail' 
feried to 125 ml Erlenmeyei flasks provided with closed side arms of 2 ml 
capacity The extracts were evaporated, on a steam bath, to a small \ol 
ume The residual solvent consisted mainly of water, and to it enough 'll 
per cent ethanol ivas added to yield an ethanol concentration of 50 per cent 
About 20 ml of a petroleum ether solution (b p 30-70°), contaimng 5 per 
cent chloroform, were added to each flask The flasks were heated on a 
steam bath until the volume was reduced about one-half The mixtum 
was kept at room temperature until bubbhng stopped, and the petroleum 
ether was then decanted into a volumetric flask The alcohol-water pha'i’ 
was trapped m the side arm during decantation The petroleum ether ci 
traction was repeated three more times The extract contained neghgihff 


amounts of salt 

Determination of Protein and Lipides — Protein was determined by fhf 
method of Gornall et al (9) Phosphohpide ivas determined by a eonibi 
nation of the methods of King and Horecker et al (10, 11) Free and tob 
cholesterols w'^ere precipitated as the digitomde and determined b) 
colorimetric method of Zlatkis et al (12), in which an iron reagent is cn' 
ployed Estenfied fatty acids contained in phospholipides and trig'' 
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erides weie deteimined by the method of Stern and Shapno (13) ^ The 
amounts of fatty acid estenfied with cholesteiol weie calculated from values 
obtained foi free and total cholesteiol 

Results 

ConcentiaUon of Total Scnan Ltpopjotem and of Its Lipide and Protein 
Components — Cholesteiol feeding resulted in a 4-fold increase m the con- 
centiation of total seiuni hpopiotems In the stilbestrol-injected birds, 
the incieases weie much gieater, i e m the neighboihood of 15- to 25-fold 
(Table II) Both lipide and piotem components participated m these 
increases The increase m the cholesterol moiety was about the same in 

Table II 

Concentration of Total Serum Lipoprotein and of Its Lipide and Protein Components 
in Normal, Cholesterol-Fed, and Slilbestrol-Injected Birds 


All values are expressed as mg per 100 ml of serum These values are the sums 
of the values obtained for Fractions Al, A2, B, and C given in Table III 


Constituent 

Normal 

Cholesterol 

Stilbestrol-injectedf 

fed* 

Bird 1 

Bird 2 

Bird 3 

Total lipoprotein 

928 

3938 

13,033 


24,010 

Lipide moiety of lipoprotein 

Total cholesterol 

103 

997 

631 

986 

1,386 

Phospholipide 

217 

586 

2,381 

3,858 

4,414 

Triglyceride 

187 

1246 

8,080 


14,792 

Protein moiety of lipoprotein 

374 : 


1,738 

2,351 

2,899 


* These birds were sacrificed 2 months after the start of the cholesterol feeding 
t These birds were sacrificed 6 months after the first injection of stilbestrol 


both types of birds, but for all the other components, namely, phospho- 
hpide, triglycerides, and protein, the response was much more pronounced 
in the estrogen-treated birds than m the cholesterol-fed birds 

Concentration and Composition {in Terms of Mg Per 100 Ml Serum) of 
Five Serum Lipoprotein Fractions — The most pronounced changes in the 
cholesterol-fed and the stilbestrol-mjected birds were observed in Fractions 
Al and A2 (Table III), and the rise m the concentration of these two frac- 
tions accounts for practically all of the increases m the total hpoprotein 
levels The responses of Fractions Al and A2 weie not the same, that of 
Fraction Al by far exceeded that of Fraction A2 Virtually no difference 

° In our hands, long chain fatty acid esters of cholesterol fail to form hydroxamic 
acids under conditions described by Stern and Shapiro (13) Their method is satis- 
factory for the determination of phospholipide fatty acids and triglyceride fatty 
acids 
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Table III 


Concentration and Composition of Five Individual Lipoprotein Fractions m ScracJ 
Normal, Cholesterol-Fed, and Stilbestrol-Injected Birds 

Individual values are recorded for the stilbestrol -injected birds In the casco! 
the normal (three birds) and cholesterol-fed birds (three birds), the agreemcat 
found in the vanous values was good, and only average values are recorded 


Composition of fraction 


Lipoprotein 

fraction 


£)1 006 oj. 


D 


1 063 
1005 


or A2 


D 


1 107 
1063 


or B 


D 


1220 

1107 


or C 


Di 220 or D 


Condition of bird 

Mg of 
fraction 
per 100 
ml 

serum 

Protein 

C 

*5 

S. 

*0 

o. 

vt 

o 

.£3 

Pi 

Free 

cholesterol 

Estcnficcl 

cholesterol 

b 

2 

u 

V 

V 

K 

la 

H 

Mg found in lipoprotcu 
fraction per 100 ml «£nin 

Normal 

* 

* 

♦ 

* 

* 

t 

Cholesterol-fed 

2,614 

Ki: 

309 

157 

858 

m 

Stilbestrol-injected, Bird 1 

11,941 


2160 

302 

454 

7,!)'6 

“ “ 2 

17,344 

Sit 

3402 

590 



« » 3 

22,163 


4030 

563 


i{BEoi 

Normal 

225 

35 

43 

15 

41 

91 

Cholesterol-fed 

816 

112 

149 

91 

252 

211 

Stilbestrol-injected, Bird 1 

891 

189 

190 

23 

45 

4« 

“ “ 2 

1,457 

267 

416 

65 

41 


“ “ 3 

1,634 

325 

345 

44 

78 


Normal 

64 

25 

17 

3 

8 

11 

Cholesterol-fed 

79 

34 

10 

4 

17 

14 

Stilbestrol-injected, Bird 1 

38 

19 

2 

1 

1 

h 

« u 2 

102 

37 

23 

4 

5 

33 

“ » 3 

75 


6 

2 

2 

2( 

Normal 

639 

314 

157 

15 

68 

85 

Cholesterol-fed 

530 

272 

118 

15 

86 


Stilbestrol-injected, Bird 1 

163 

95 

29 

1 

7 

31 

(f c< 2 

118 

85 

18 

3 

5 

/ 

“ " 3 

138 

76 

24 

2 

4 

f 

Normal 

t 

t 

22 

« 

t 

t 

Cholesterol-fed 

t 

t 

26 

2 

7 


Stilbestrol-injected, Bird 1 

t 

t 

210 

8 

2 


" « 2 

t 

t 

261 

10 

5 

151 

“ “ 3 

t 

t 


13 

5 

iM 


* The concentrations were too low to measure 

t These values cannot be reported since Fraction D contained serum a a 
and globulins in addition to lipoproteins , ^1 

X The concentrations were too low to measure The value m the free cho cs 
column for the normal cockerel is actually that for total cholesterol 
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was observed between the two types of treated birds in the amounts of Frac- 
tion A2, but Fraction A1 increased far more in the stilbestrol-injected than 
m the cholesterol-fed birds 

Fraction B failed to respond to either of the treatments 

□ Triglyceride □ Free cholesterol ■Protein 

Dn Cholesterol ester □ Phospholipide 

I00f-| I — I I I — I — I I — I — I — I I — I — 1 — I -j 


90 



CS NCS NCS NCS 

Fraction Al A2 B C 


Fig 2 The percentage composition of four lipoprotein fractions in normal, cho 
lesterol-fed, and stilbestrol-injected birds N = normal bird serum, C = choles- 
terol-fed bird serum, S = stilbestrol-injected bird serum 

Interestmgly enough, stilbestrol injections reduced the levels of Fraction 
C, whereas cholesterol feeding had no effect 
No response of Fraction D to cholesterol feeding occurred, but a defimte 
rise in this fraction followed the estrogen injections 
Changes Induced in Percentage Composition of Four Lipoprotein Fractions 
hy Cholesterol Feeding and Stilbestrol Injection — The percentages of protein 
in Fractions Al and A2 were unaffected by cholesterol feeding and stil- 
bestrol treatment, a small increase did occur in Fractions B and C (Fig 2) 
The principal changes that resulted from the admimstrations of cholesterol 
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and stilbestrol were observed in cholesterol esters and triglycerides Itj 
of interest that the feeding of cholesterol increased the percentage of do 
Icsterol esteis in each of the four fractions (Al, A2, B, and C), whereas Ih 
stilbestrol injections reduced the percentages of this hpide constituent to: 
considerable extent in each fraction The percentage of tiiglycendcs mal 
foui fractions was decreased oi unaffected after cholesterol feeding, butiva 
increased by the stilbestrol treatments 
The relative distribution of free and esterified cholesterol m Fractions Al 
A2, B, and C m the cholesteiol-fed birds w^as the same as that obsewdi 
the noimal birds, t e , the percentage of esterified cholesterol was mut 
higher than that of free cholesterol (Fig 2) When stilbestrol ivas injectoc 
the percentages of free and estenfied cholesterol in each hpoprotein fra^ 
tion were about the same 


DISCUSSION 

The results of the present study demonstrate that prolonged cholesterc 
feeding and stilbestrol mjections bring about changes not only in tbele\e' 
of serum hpoprotems, which was to be expected, hut also in the lipide m 
position of our four hpoprotein fractions After cholesterol feeding, od 
Fractions Al and A2 increased in concentration, a finding in agreement mt! 
the observations of other investigators (14, 15) Stilbestrol adnumstratioi 
also augmented the levels of Fractions Al and A2, but it is of interest ths' 
this treatment wms also associated with a reduction in the concentration t’l 
Fraction C m serum 

Despite the fact that both cholesterol feeding and stilbestrol adminislw 
tion induced arteriosclerosis m birds, the changes they brought about in fb 
composition of the serum hpoprotein fractions diffeied wudely Thus,ii! 
the birds fed cholesterol, the peicentages of cholesterol esters in Fraction: 
Al, A2, B, and C were increased, but in the stilbestrol-injected birds th 
percentages of this lipide constituent fell in all four fractions On tfe 
other hand, the percentages of tnglycerides m Fractions Al, A2, B, andC 
were reduced by cholesterol feeding, but inci eased by stilbestrol injection. 
Both experimental procedures increased the amounts of protein in the tots- 
serum hpoprotein, particularly m Fraction Al, but the protein mcrea't 
observed with stilbestrol injections w^ere about 10 times those found w 
cholesterol feeding , 

The concentration of Fraction D was elevated in the stilbestrol-injoct^ 
birds, an observation which raises the question as to the nature of this - 
tion Fraction D is a residue in oui procedure, and no further sepa 
of hpoprotems from it can be achieved by flotation at densities higher ^ 

1 2 because these higher densities approach those of the non-lipiae-co 
ing proteins We previously assumed that the hpides found in Frac 
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aie components of a lipopiotem (1) The following evidence has been ob- 
tained on the hpide iiatuie of the phosphoius-containing substances in 
Fraction D (a) This fi action contains phosphoius wluch is soluble in a 3 1 
alcohol-ether nuxtuie and in a 6 2 1 alcohol-ethei-chloioform mixture (1) 
Sinulai findings have been lepoited by Hack (16) and by Havel et al (17) 
{h) When the pioteins in Fi action D aie piecipitated and washed vuth tri- 
chloroacetic acid, the phosphoius m the precipitate can be extracted with 
a 6 2 1 alcohol-ether-chlorofoim mixtuie, and the phosphorus so extracted 
accounts for all of the oiiginal phosphoius (18) Havel et al (17) have 
shown that tins phosphorus cannot be removed by dialysis and is precipi- 
tated with the pioteins by zinc hydi oxide Thus this phosphorus is neither 
inorganic nor the common, acid-soluble oigamc phosphorus (c) The 
latios of cholesterol to phosphohpide in Fraction D were constant for each 
species, and these ratios for Fraction D diftered greatly fiom those observed 
for Fractions A (Table I), B, and C (1) This would argue against the view 
that the lipides in Fraction D lepresent lipides incompletely separated fiom 
the other fiactions (d) Three fractions, A, B, and C, were labeled in the 
dog by the injection of inoigamc P^- Fractions A, B, and C were isolated, 
dialyzed, and incubated separately with unlabeled serum obtained from 
another dog (18) The four fractions ivere reisolated from the incubation 
imxtuie, and the specific activity of the hpide phosphorus was determined 
for each fraction In each case, Fraction D was labeled and its specific 
activity was the same as those of the other three fiactions These find- 
ings show that, whatever the nature of these phosphorus-contaimng com- 
pounds, the phosphoius exchanges readily ivith that present in the three 
lipopiotem fractions, A, B, and C 

Evidence recently obtained by Hack suggests that the hpide phosphorus 
m Fraction D may not be present as a typical hpoprotein (16) He stated 
that 70 per cent of the phosphorus in the residual fraction, which corre- 
sponds to our Fraction D, is contained in a compound that he tentative^ 
identified as threonylphosphoserylglutamic acid In this connection it 
should be noted that, although hpopeptides have been reported to be pres- 
ent in serum (19, 20), it was subsequently shown that the peptides and 
phospholipides of the hpopeptides can be readily separated by paper chro- 
matography (21) The exact nature of the phosphorus compound in our 
Fi action D remains to be elucidated 

SUMMARl 

1 Birds ueie either fed a high cholesterol diet for 2 months or injected 
uith stilbestrol for 6 months Both procedures produce arteriosclerosis 
The serum hpoprotems were fractionated into five parts by a procedure that 
allowed us to determine the amounts of each in serum and the hpide and 
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protein composition of each fraction These fractions have been dc'i 
nated Al or A2 or D\ got, B or D\ ggt, C or D\ and D or D.7 
vheie the supersciipt and the subscript define the density range used r 
separation of the hpoproteins 

2 Both experimental procedures induced changes m the composition o! 
the lipoprotein fractions as well as in their levels 

3 Cholesterol feeding resulted in an increase in the concentrationa c' 
Fractions Al (S/ 20 and greater) and A2 (S/ 0-20) andm an increase in tl 
percentage of cholesterol esters in Fractions Al, A2, B, and C 

4 Stilbestrol injections increased the concentrations of Fractions A! 
and A2 and decreased that of Fraction C The percentages of cbolester 
were markedly reduced in Fractions Al, A2, B, and C, whereas the tnglu 
eride contents of these same fractions were inci eased 

5 The hpides m the highest density Fraction D were increased grcatlr 
m the stilbestrol-treated bird The nature of this fraction is discu&ed 
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EFFECT OF ESTRADIOL ON THE METABOLISM 
OF SERINE-3-C» IN SUR'\HVING 
UTERINE SEGMENTS* 
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Previous studies on the metabolism of foimate and glycme in survivmg 
uterine segments from estiogen-tieated lats have levealed the high sensi- 
tivity of certam “l-carbon” metabolic pathways as indicators of early 
estrogemc action ( 1 , 2) In the present paper these studies have been ex- 
tended with senne-3-C^^ In response to 6 hours pretreatment with estra- 
diol, the incorporation of ladioactivity into the purine bases of mixed 
nucleic acids was accelerated 5- to 6 -fold, while the incorporation into pro- 
tem or oxidation to carbon dioxide was accelerated to a lesser extent, in 
contrast, the estrogen had no significant effect on the quantity of radio- 
activity converted mto the hpide fi action The results obtained with the 
addition of foimate, acetate, and glycme as non-radioactive cosubstrates 
are descnbed The possible role of estrogen in these processes is discussed 

Methods 

As described in an earlier publication ( 1 ), eighteen ovariectormzed rats^ 
were injected in the tail vein with 1 ml of a buffeied saline contaimng 10 7 
of estradiol'17/3, eighteen control rats received the buffered saline only 
After 6 hours the uterine horns were removed, each horn bemg cut mto 
four equal segments The segments were pooled as control and estrogen- 
treated tissues, respectively Twelve segments, equivalent to one and one- 
half uteri, were selected at random and placed mto chilled Warburg flasks 
Duphcate flasks were run m all cases The reaction medium consisted of 
2 ml of Robinson’s medium (3) contaimng 0 022 m glucose and 0 002 m dl- 
serine-3-C^^ (1 ye per jumole)' in the following combmations with non-radio- 
active cosubstrates (1) none, (2) 0 005 m sodium formate, (3) 0 005 m 
glycine, (4) 0 005 m sodium formate plus 0 005 m glycine, (5) 0 005 m so- 
dium acetate, and ( 6 ) 0 002 m DL-homocystme 

This work v as supported by a grant from the Alexander and Margaret Stewart 
Trust Fund, grant No C-1897(C) from the United States Public Health Service, and 
an institutional grant from the American Cancer Society 
’ Holtzman Rat Company, Madison, Wisconsin 
Serine-3 C‘< vas purchased from the California Foundation for Biochemical 
esearch on allocation by the United States Atomic Energy Commission 
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The incubations were carried out for 2 hours in an oxygen atmosplicri 
at 37° AMth constant shaking, the leaction being teiminated by tippings 
0 5 ml of 20 per cent peichloiic acid fiom the side aim The carbon dioi 
ide which w'as collected in the alkalme center w^ell w'as piecipitated and 
counted as BaCOs The tissue w^as fiozen in liqmd air and pulvcnzcd 
The extractions weie earned out as pieviously described to yield acid 
soluble, hpide, nucleic acid, and piotein fractions (1) 

The nucleic acid fraction w^as hydiolyzed and the mixed purine bases 
isolated accoiding to the methods of LePage (4) Ademne and guanir* 
were separated by paper chromatography by using the /cr/-butanol HQ 
(5) and the n-butanol-H20 systems (6) The bases w^ere eluted from tl 
paper, counted, and the amounts of adenine and guanine detei mined sp(\ 
trophotometrically by usmg the molar extinction coefficients of Markhac 
and Smith (7) 

The protein residue was washed, dried, and plated for counting Sam 
pies of protem residue were hydrolyzed according to the piocedure of Lew 
and Chung (8) Analysis of radioactivity m the individual ammo adN 
was carried out, as desciibed previously (1), after sepaiation of the anuao 
acids by paper chromatography, the w-cresol and phenol systems of Me 
Farren (9) buffered at pH 8 4 and pH 12, respectively, being used 
All the determinations of radioactivity m these experiments ivere made 
on sohd samples plated on tared planchets and counted m gas flow proper 
tional counters for a sufficient period to obtam 5 per cent statistical a' 
curacy All the calculations are corrected for self-absorption and counto; 
efficiency 

The results are expressed as counts per mmute per mg of diy protein 
nucleic acid residue remammg after hpide extraction In this stud)' tlirce 
separate experiments were performed m w'hich the same results uere ol> 
tamed A repiesentative experiment is reported herein 


Results 

Incorporation of Serine-S-C^^ into Protein — ^The data m Table I demo: 
strate that the incorporation of labeled serine mto the protein of the 
vivmg uteri was stimulated by estrogen pretreatment to the same exfc*-' 
as had been found earlier for other ammo acids (2, 10) Addition of on 
radioactive formate and glycine as cosubstrates i educed the total iium 
of counts m the protem of both control and treated uteii almost proporh^ 
ately This can be explained by the endogenous synthesis of serine 
diluted the serme-3-C^^ 

Distribution of Radioactivity among Ammo Acids of Hydrolyzed 1 eo 
Approximately 60 per cent of the incorporated radioactivity ivas 
for as serme (Table II) m both types of tissue Although the incorpo>^ 


IOj 
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of the radioactivity into methiomne was also stimulated, it accounted for 
only a small poition of the total This conversion was enhanced by the 
addition of homoc3’'stme (piecuisoi foi homocysteine) as acceptor for the 
methyl gioup m the foimation of methiomne Unlabeled formate acted 

Table I 

Effect of Estradiol on Incorporation of Senne-S-C^^ into 
Protein of Surviving Rat Uteri 


Data expressed as counts per minute per mg of isolated protein residue, system 
as under “Methods ” The values represent duplicate flasks 


Non radioactive substrates 

Control 

Treated 

None 

7420 

11,150 


6050 


Formate 

4940 

9,180 


6050 

8,820 

Glycine 

6620 



6460 


Formate + glycine 

4860 

7,840 


4410 


Acetate 

7350 



7490 


Homocystine 

6200 



6120 

11,460 


Table II 

Distribution of Radioactivity Among Ammo Acids of Hydrolyzed Piotein 


System as under ‘Methods ” The data are expressed as counts per minute per 
mg of protein residue The values represent duplicate flasks 



Serine 

Methionine 







Control 

Treated 

Control 

Treated 

None 

3860 


97 

300 


3260 


94 

280 

Formate 

3020 


44 

71 


3620 


48 

67 

Glycine 

3240 


86 

310 


3420 


78 

260 

Formate + glycine 

1850 


12 

38 


2120 


20 

34 

Acetate 

3820 


130 

325 


3750 


134 

275 

Homocystine 

3820 


378 

700 

- 

3880 


495 

820 
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as a trap for the radioactive Ci unit from the serme-3-C“, as indicated In 
a decreased numbei of counts in the methiomne 
Production of COzfiom Senne-3-C^‘^ — In previous studies (1) theondi 
tion of the various ladioactive substrates to CO 2 was not affected sigmg 
cantly by estrogen pretreatment As shown m Table III, the productms 
of carbon dioxide fiom serine-S-C^, however, was mci eased to a dopix 
comparable to the effect of estrogen pretreatment on incorporation into 
protem The addition of unlabeled formate as a cosubstrate acted ihs 
pool to trap this Ci unit, obscuiing the action of the estrogen in the con; 
plete oxidation to caibon dioxide by this pathway In support of tk. 

Table III 


Effect of Estradiol on Production of COt from Senne-S-C^* by Surviving Uten 
Sjstem as under "Methods ” The data are evpressed as counts per minute r 
CO; per mg of protem The values represent duplicate flasks 


Non-radioactive substrates 

Control 

Treated 

None 

245 

372 


257 

391 

Formate 

j 204 

174 


198 

140 

Gl3'’cine 

262 

304 


258 

334 

Formate + glj'cme 

176 

170 


167 

170 

Acetate 

180 

315 


194 

352 

Horaoej'^atme 

203 

365 


168 

312 


view, it was foimd that the specific activity of the formate pool m th 
flasks with control tissue was 1310 c p m per /xmole, ivhile that in theflaA 
with estrogen-treated tissue was 2590 c p m per ^mole Thus, it appear^ 
that increased conversion of serine-S-C^^ to caibon dioxide is a reflection 0 
the hormonal activation of serme metabolism, yielding formate uhich, £- 
shovTi previously, is converted to CO 2 by an estrogen-msensitive reactio- 
( 1 ) 

Incorporation of Senne-S-C^^ into Lipide Fraction — The incoiporafion c* 
labeled serine into the lipide fraction (Table IV) was not stimulatcd^^) 
previous treatment with estrogen m contrast to earlier observations on 
incorporation of radioactive formate and glycine (1) As indicate 
viously, the hormonal stimulation on the introduction of formate 
glycine into hpides was mediated through the inci eased simthesis 01 se 
which was tW converted into the ethanolamine, choline, or gJ' 
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In the piesent e\peiiments with labeled serine as substrate, the first re- 
action winch is stimulated b}'' estiogen has been bypassed and the subse- 
quent leactions which incoipoiate seime into the lipide fraction are not 
affected by tieatment with estrogen 

Incoi poi aiioJi of Senne-3-C^* into Nucleic Acid Purines — As is showm in 
Table V, tieatment with estiogen caused a 5- to 6-fold stimulation in the 
incorporation of ladioactivity fiom serme-3-C^^ into the adenine and gua- 
nine of the mixed nucleic acids Similar lesults were obtained previously 
with foimate-C^‘‘ (1) The addition of non-iadioactive formate as a trap 

Table IV 

Effect of Estradiol on Incorporation of Serine-3-C^* into 
Non-Volahlc Lipidc of Surviving Rat Uteri 


S3'stem is under “jMethods ” The data are expressed as counts per minute in 
Iipide per mg of protein The values represent duplicate flasks 


Non radioactive substrates 

Control 

Treated 

None 

1305 

1045 

Iff 

1200 


Formate 

995 

890 


920 


Glj’cme 

1125 

1065 


1142 


Formate + glj'cine 

978 

955 


825 

795 

Acetate 

1280 



1280 


Homocystine 

1070 



1140 



for the labeled 1-carbon umt from serme caused a striking decrease m the 
amount of radioactivity incorporated mto the purmes Thus the major 
effect of estrogen on this pathway must be upon the reactions that mvolve 
the formation of the 1-carbon umt from serine-3-C^^ and its subsequent 
metabolism A similar result was found earlier with glycme-2-C^'* as the 
precursor (1) Apparently the formation of a 1-carbon umt from non- 
radioactive glycme is not sufficient to achieve a sigmficant dilution of that 
derived from serme Acetate had no effect on the metabohsm of serme- 
3-C^^ m this experiment 


DISCUSSION 

One of the early biochemical responses to estrogen stimulation of the 
rat uterus is an mcreased incorporation of ammo acids into the protem 
(1) 10) As reported by Zamecmk and Keller (11) and Hoaglund (12), 
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M'ho studied tlus mcorpoiation process m liver preparations, a solub’ 
enzjTiie sj^stem appears to be leqmred for the activation of the carboul 
group of ammo acids for the formation of hydioxamates or for the inco. 
poiation of ammo acids into the piotem of microsomes The incorporatioa 
of pyimate-2-C‘^ into the protein and lipide and of acetate-l-C“ intotb 
hpide fraction of uterine segments is also accelerated by treatment mth 
estrogen^ Berg (13), Popjhk and Tietz (14), and Langdon (15)haieri' 
ported an acetate activation system similar to that for ammo acid actiu 
tion 

In the present experiments, treatment with estiogen accelerated toE 

Table V 

Ejjfect of Estradiol on Incorporation of Serine-S-C^* into 
Purines of Surviving Rat Uteri 


Sjstem as under “Methods ” The values represent duplicate flasks 


Non-radioactive substrates 

C p m per fimole guanine 

C p m per pmole adem t 

Control 

Treated 

Control 

Ttcatid 

None 

390 

2290 

465 

2{k)S 


405 

2770 

320 

2060 

Formate 

233 

398 

145 

202 


250 

328 

126 

176 

Glycine 

370 

2050 

440 

1820 

i 

470 

2680 

400 

1930 

Formate + glycine 

236 

350 

60 

17o 


205 

290 

71 

ISo 

Acetate 

474 

3180 

364 



425 

3080 

435 

2010 

Homocj'stine 

414 

2340 

378 


! 

510 

2050 

492 

B 


comparable extent the mcorporation of serine mto protein and the cieava^ 
of this ammo acid to yield radioactive formate winch leadily equilibrated 
vith an exogenous pool of non-radioactive foimate It seems likely that 
the accelerating effect of estrogen on both of these pathways may invobe 
a common step m serme metabolism, namely, the activation of senne 
Previous results which indicate a stimulating effect of estrogen on forma e 
mcorporation mto nucleic acid purines, as well as on the syntheas of senr? 
from this precursor, would suggest a role of the estrogen m the activatid’’ 
of this compound also 

It IS of mterest that the reactions discussed here, which involve am 
acids (serme, glycme, alanine, lysine, and tr 3 ’'ptophan), pyruvate, ac 
and formate, all concern carboxyl groups although the products an 

’ Unpublished data 
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actants are qmte dissimilai A common denominator by which estrogen 
might promote these piocesses in certain loci of the cell could theiefore be 
the enhancement of those leactions which concern the activation of car- 
boxyl groups The mannei m which estrogens play a part in such piocesses 
is mider investigation 

The diffeience in magnitude of the estiogen effect on the incorporation 
of serine-3-C''' into piotein and into the puiines of nucleic acids may re- 
flect the action of estrogen at multiple sites along the pathway of purine 
biosynthesis in surviving uteii This difference of response with a common 
precursor would seem to exclude an altered permeability as a major factoi 
responsible for the estiogen effect on serine metabolism 

SUMMARY 

1 The effect of 6 hours pretreatment with estradiol-17/3 on the mcorpora- 
tion of serme-3-C^^ into various metabolic components of the rat uterus 
was studied 

2 The mcorporation mto the protein and the production of carbon 
dioxide from the radioactive serine were stimulated to a comparable extent 
by treatment vath estrogen 

3 Incoiporation of radioactivity from the seiine mto the lipide fraction 
was not affected by the hormone 

4 Treatment vath estrogen caused a 6- to 6-fold stimulation in mcorpo- 
ration of radioactivity mto the purme bases 

5 The addition of non-radioactive formate as a trap for the labeled 1- 
carbon umt from the serine obscured the estrogen effect on the incorpora- 
tion of radioactivity through this pathway 

6 The general pattern of estrogen influence on the mcorporation of 
various precursors is discussed 
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THE DETERMINATION OF INORGANIC PHOSPHATE AND 
CREATINE PHOSPHATE IN TISSUE EXTRACTS* 
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(From the Department of Pharmacology, Washington University School of Medicine, 

St Louis, Missouri) 

(Received for publication. May 7, 1956) 

A number of procedures have been developed for the determmation of 
inorganic orthophosphate (IP) and creatine phosphate (CP) in extracts of 
muscle or nervous tissue (1-6) Probably the simplest procedure in cur- 
rent use IS that m which IP is determined in the presence of CP by the 
method of Lowry and Lopez (7) on one aliquot of extract, and IP plus acid- 
molybdate-labile organic phosphate is determined by the method of Fiske 
and Subbarow (8) on a second aliquot The difference in phosphate con- 
centrations given by the two methods is taken as a measure of the CP 
Sometimes an accurate determmation of IP by the Lowry-Lopez method is 
difficult because of the presence of substances m tissue extracts which retaid 
the development of the reduced phosphomolybdate color ^ Also, m ex- 
tracts m which the concentration of IP is much greater than that of CP, 
a small error m the determmation of IP or m the determmation of IP plus 
CP can lead to a large error m the estimation of CP In the procedure to 
be reported here the last mentioned disadvantage of the Lowry and Lopez 
procedure is overcome, smee IP and CP are determmed successively on the 
same ahquot of extract during a continuous run m a spectrophotometer 
The procedure is essentially a modification of that of Fiske and Subbarow 
The IP of an ahquot is first determmed m weak acid (pH 2 3) with the aid 
of added Cu++ to mcrease the rate of development of the reduced phos- 
phomolybdate color 2 Strong acid is then added to the ahquot and the 
extra IP formed durmg the subsequent rapid hydrolysis of CP is determmed 
by the further mcrease m color 

* Supported by a grant from the American Heart Association 
t Present address, Department of Pharmacology, State University of New York 
College of Medicine at New York City, Brooklyn, New York 

^ This difficulty may be overcome by adding to the extracts a small amount of 
Cu++, which greatly accelerates the color development (9, 10) 

The use of CuSOi was first suggested by Dr C R Hanes in 1952 (personal com- 
munication) Prior to the development of the present method. Dr 0 H Lowry and 
is associates had already found that CuS 04 greatly increases the rate of color de- 
velopment in the Lowry and Lopez method and also in a modified Fiske and Subbarow 
method at pH 2 0 More recently other workers have used CuSO^ in the Lowry and 
Lopez method (9, 10) 
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Materials and Methods 

Reagents and Standards — All inorganic reagents and standards were of 
analytical giade The l-amino-2-naphthol-4-sulfomc acid ivas a Fisher 
“ceitified reagent ” The creatine phosphate used in most cases wasth 
sodium salt, obtained from the Sigma Chemical Company, containing Ic-. 
than 2 pei cent of its phosphate as IP In some of the eaily experiments a 
solution of the potassium salt of creatine phosphate xvas used Tins 
piepared by mixing the calcium salt (purified from labbit muscle bj Dr 
Helen Graham) with an eqmvalent amount of potassium oxalate in solutiw 
and centiifugmg the calcium oxalate formed The solutions of CP range] 
from 0 004 to 0 009 m Aliquots weie kept fiozen until the day of m 
0 3m solutions of perchloric acid (PCA) and 0 004 m solutions (1 gm c' 
CuS04 5H2O per liter) of copper sulfate were used The Fiske and Sub 
baroxv leducmg reagent was as follows a solution contauung 0 2 per cec! 
l-ammo-2-naphthol-4-sulfomc acid, 1 2 per cent Na2S03, and 12 0 percent 
NaHSOs This was stored m a brown glass bottle m a refrigerator A 
2 5 pel cent solution of (NIl4)6Mo7024 4H2O was employed The Fi4e 
and Subbaroxv mixture (FSM) was a mixtm-e of 1 volume of reducing rea 
gent and 2 volumes of ammomum molybdate solution This mrxture 
made fresh on the day of use and kept in a test tube m an ice bath The 
sulfuric acid was a 5 0 n solution The morgamc phosphate standaids were 
0 003 and 0 007 m solutions of KH2PO4 

Preparation of Tissue Extracts — ^The tissue sample to be analyzed was 
fiozen m liquid mtrogen and taken to a cold room at —20°, where iti'as 
w^eighed m the frozen state on a torsion balance In the case of muscle 
preparations which had been suspended m IGebs-bicarbonate medium pnor 
to freezing, any adhermg fiozen droplets of medium were scraped offln^ 
fore the weighing Occasionally a tissue sample was extracted immediately 
after being weighed, but usually it was stored for 20 to 30 hours at -20 
before being extracted 

The extraction procedure was carried out in a cold room at 2° Th 
frozen tissue sample, usually weighmg from 50 to 100 mg , was placed m * 
stainless steel, 60 ml centrifuge cup (obtained fiom Ivan Sorvall, Inc)> 
w^hich was encased in aluminum foil and held upright in a container nliw 
wnth fragmented dry ice ^ A few ml of liquid mtrogen xveie poured onto 
the tissue in the cup and allowed to boil off, and the solidly frozen 
was then pulverized with the aid of a special plunger The plunger con 
sisted of a stainless steel head, machined to fit snugly mto the lower ^ 
of the cup, a stainless steel shaft, and a cylmdrical brass handle wi > - 

® If the cup IS not encased in aluminum foil, pieces of dry ice may adhere 
outside of the cup when it is removed from the dry ice container foUomng J 
zation of the tissue This may cause the PCA added to the cup to freeze 
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flat top The head of the plungei, pieviously chilled to dry ice tempera- 
tuie, was inseited into the cup, so that it lested on the frozen tissue, and 
the flat top of the handle was stiuck Avith a hammei Seveial shaip blows 
were usuallj'- sufficient to pulveiize the tissue into a fine powder The 
plunger was then twisted and leinoved fiom the cup Any powdeied tissue 
adheiing to the head of the plunger was sciaped back into the cup with a 
small stainless steel spatula ^^hlch also had been pieviously chilled to dry 
ice tempeiatuie 

After pulverization of the tissue, the stainless steel cup was removed 
from the casing of aluminum foil m the dry ice contamei and placed m an 
ice bath 1 ml of ice-cold 0 3 m PCA was immediately added^ and the 
powdered tissue and PCA W'eie stnied mteimittently with a glass rod for 
20 mmutes, a period found to be adequate for complete extraction of acid- 
soluble phosphates 5 ml of H2O were than added, givmg a final PCA 
concentration of about 0 05 ai and, aftei a brief muxing, the contents of the 
cup w^ere poured into a dulled 12 ml thick ivalled conical centrifuge tube 
This w^as centiifuged m the cold room at about 2500 r p m for 10 mmutes 
and the supernatant extiact ivas decanted into a test tube m an ice bath 

Analytical Procedure — Extracts ivere analyzed for IP and CP within 1 
hour after the end of the extinction procedure Hydrolysis of CP was 
msigmficant ovei this period as long as the extracts ivere kept at 0° in an 
ice bath To a 2 ml poition of the extract iveie added 80 c mm of CUSO4 
solution ® CUSO4 solution ivas also added m the same pioportion to a 
blank solution (0 05 m PCA) and a standard solution (phosphate standard 
diluted 60-fold ivith 0 05 ai PCA) contained m tubes m the same ice bath 
wnth the extract 

40 c mm of chilled FSM ivere added to each of four microcells of approxi- 
mately 500 cmm capacity set in a microcell earner of a Beckman DU 
spectrophotometer fitted ivith a pinhole diaphi’agm ® Then m succession 
blank solution was added to the first cell, standaid solution to the second, 

^ 0 3 M trichloroacetic acid may also be used In the present work PCA was pre- 
ferred because analyses for adenine nucleotides by the method of Kalckar (11) were 
often carried out on aliquots of the extracts, and this method cannot be used on 
trichloroacetic acid extracts 

® In the present experiments CUSO 4 was not added to that portion of the extract 
to be used for the determination of adenine nucleotides by the method of Kalckar 
( 11 ), since cupric 10 ns interfere with this enzymatic method 

' All additions of solutions were made with constriction pipettes of the Lang-Levy 
tj'pe ( 12 ) Microcells of fused silica were 10 mm deep, 2 5 mm wide, and 25 mm 
bigh Microcells, the microcell carrier, and the pinhole diaphragm for the spectro- 
photometer were obtained from Pyrocell, Inc , New York The microprocedure used 
here can be easily modified into a macroprocedure by proportionally increasing the 
volumes of all solutions used In the macroprocedure a photoelectric colorimeter 
may be used in place of the Beckman spectrophotometer 
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and c\tract to the third and fourth All these additions were 200 cinni 
in volume and nere made nith the same constriction pipette, which 
rinsed once n ith each solution before being used for delivery of that solu 
tion After each addition to a mierocell, its contents were quicklj mivd 
with a small flat Lucite rod with a foot The intervals between addition 
weie 15 to 20 seconds The cell carrier ivas placed in the spectrophotoni 
eter and optical density readings (with the blank set at zero) were mad 
at a w ave length of 660 ni/i on the standard and extracts at 2 , 3 , 4 , and o 
minute intervals from the time of addition of the FSM Dunng this fiN 
phase of the analysis, which is for the determination of IP, the pH of \h 
solutions in the microcells is approximately 2 3 
Immediately follownng the readings at the 5 minute interval, 25 c mir 
of 5 N H 2 SO 4 ivere added to each imcrocell, and the contents of eacli iicrt 
mixed ivith a Lucite rod after each addition Optical density reading 
were then made at 7, 8 , 9, and 10 mmute intervals from the time of addi 
tion of the FSM and then at less frequent intervals to 30 minutes, by whicJi 
time essentially all of the CP was hydrolyzed 
For analj^sis of test solutions containing mixtures of CP and IP, the 
same procedure was used as was employed ivith tissue extracts Sucli 
solutions w ere freshly made up in 0 05 m ice-cold PGA and kept at 0° until 
analyzed In some experiments with test solutions, w^ater wms used in the 
reference cell of the spectrophotometer and the optical density of tk 
blank, as w^ell as that of the standard and test solutions, wms folloued 
The temperature of the room in which the spectrophotometnc analj'Ca 
were made ranged from 24-27° The temperature of the solutions in th’ 
microcells rose several degrees above room temperature during the coupo 
of an analysis 


RESULTS AND DISCUSSION 

Test Solnhons of CP and IP — Fig 1 is a plot of the changes in opticJ 
density of a blank solution, two IP standards, and two test solutions con 
taming CP durmg the course of analysis Due to the presence of the addft 
Cu++, development of the reduced phosphomolybdate color m the IP 
ards IS complete w ithin 2 minutes The ratio of the optical densities c 
the two IP standards is the same as the latio of their concentrations fro 
the 2 to 30 minute reading, that is, Beer’s law^ is satisfied at any 
mg the course of the analysis, despite the changes m optical density " 
occur In the case of the IP standards theie is essentially no 
optical density from the 2 to 5 minute reading The addition of HiiS 
give approximately 0 5 n) produces an immediate fall due to dilution 
optical density then rises somew^hat durmg the next few minutes ant 
continues to rise much moie slowly and linearly with time until tneo 
the experiment 
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In the case of CP and CP + IP solutions, the optical density increases 
almost hnearlj’- with time fiom 2 to 5 minutes as a lesult of the hydrolysis 
of a small fiaction (about 10 pei cent) of the CP to IP and creatine during 
this peiiod An accuiate measure of the optical density due to the IP 
imtiallj'- present in these solutions may be obtained by extrapolating the 2 
to 5 minute cuive to zero time (dash lines in Fig 1) The extrapolated 
value for the optical density of the CP + 0 003 m IP solution (0 168) is 
equal to the sum of that for the CP solution (0 016) plus the optical density 



Fig 1 Changes in optical density during course of analysis The four upper 
curves are already corrected for optical density of the reagent blank The solutions 
were mixed with FSM at zero time and 5 n H 2 SO 4 was added at the arrows The IP 
standards at the concentrations shown were diluted 60-fold with 0 05 m PCA before 
use Solutions of CP (approximately 0 004 m) and CP -p IP were similarly diluted 
About 8 per cent of the phosphate in the CP used was IP CuSOi was added to all 
solutions as described in the text 

(at 5 mmute readmg) for the 0 003 m IP standard (0 152) This indicates 
that the presence of CP does not interfere with the determination of IP 
It may also be noted that the optical density of the CP + IP solution at 
the 30 minute readmg is essentially equal to that of the CP solution plus 
that of the 0 003 m IP standard at that time 
The addition of H2SO4 to the solutions contammg CP greatly accelerates 
the hj^rolysis of CP, thus a rapid rise m optical density ensues as IP is 
liberated and reacts to form reduced phosphomolybdate (Fig 1) Al- 
though the optical densities of the CP and CP + IP solutions are still 
increasing slowly at 30 mmutes, the CP is essentially all split by this time 
The continued slow increase after 25 to 30 mmutes is not due to furthei 
liberation of IP, but corresponds to the similar slow increase m optical 
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density of the standards This is clearly shown if a plot is made of tb 
“apparent IP” present during the course of an analysis, where "apparent 
IP” at each time interval is obtained by dmdmg the optical densiti o' 
the standard into that of the solution containing CP and multiplying 
the proper factor to convert to micromoles per ml of origmal solution 
Such a plot, made from the data in Fig 1 and shonm m Fig 2, clearlj m 
dicates that the hydrolysis of CP is essentially complete at 30 minute. 
(25 minutes after the addition of H2SO4), for by this time the curves, uhicli 
rise in exponential fashion after the addition of H2SO4, have reached max 
ima If it IS assumed that the reaction which limits the late of rise of thes. 



TIME (MIN) 

Fig 2 Data from Fig 1 plotted to give “apparent IP” in CP and CP + F 
lutions at intervals during course of analysis “Apparent IP,” determined as in 
dicated in the text, is in micromoles per ml of original solution before dilution vKfi 
PCA prior to analysis The arrows indicate the time of addition of HzSOi 


curves is the hydrolysis of CP, then the half time for this hydrolysis is from 
2 5 to 3 mmutes (Fig 2 and Table II) 

Correction Factor for CP Concentration — ^The extrapolated zero timexaIo<^ 
m Fig 2 shows that the solution of CP tested (potassium salt preparation) 
contained 0 3 pmoles of IP per ml The “apparent IP” at the end of th 
determination was 4 0 pmoles per ml , givmg an “apparent CP” concenfw 
tion by difference of 3 7 pmoles per ml However, when this CP soluho® 
was subjected to mild acid hydrolysis sufficient to convert all of the la 
orgamc phosphate to IP (2 hours at 40° or 5 mmutes at 100° in 0 05 jr P J 
the total IP was found to be 4 24 ^imoles per ml , mdicating that the 
tual CP concentration was 3 94 pmoles per ml , a value about 0 5 per 
above the “apparent CP” concentration . 

In a series of about twenty experiments with solutions of CP (hoto pa 
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Slum and sodium salts) in which the actual CP concentration and the “ap- 
paient CP” concentiation ueie deteimined as desciibed above, the value 
of the formei langed fiom 5 5 to 6 8 pei cent above that of the lattei and 
aveiaged close to 6 pel cent above it 
The leason vhy the piesent analytical proceduie gives a value foi CP 
which IS somewhat low is that the extinction coefficient on the basis of 
phosphate concentiation foi the reduced phosphomolybdate complex devel- 
oped m the first step of the procedure at pH 2 3 and then further acidified 
with HoSOi IS greater than that of the complex developed from the begm- 



Fig 3 Molar extinction coefficient («), on basis of IP, in procedure in which H2SO4 
IS added about 5§ minutes after FSM (upper curve) and in Fiske and Subbarow 
method in which H-SOi is added before FSM (lower curve) In each procedure 200 
c mm of the same standard solution (0 00011 m IP in 0 05 11 PCA -f CuSOi) were 
first added to microcells Volumes of FSM and 5 n H2SO4 were, respectively, 40 and 
25 c mm The arrows indicate the additions In the experiment for the lower 
curve H'>S04 was added and mixed just before FSM was added at zero time 

rung m H2SO4 This difference in extmction coefficient is shown in Fig 3 
The upper curve shows the molar extinction coefficient of a phosphate 
standard dunng the course of analysis m which H2SO4 was added 5| min- 
utes after FSM The lower curve shows the extmction coefficient of the 
same standard when H2SO4 was added just prior to FSM and would there- 
fore be very similar to that given by IP formed by the rapid hydrolysis of 
CP followmg the addition of H2SO4 m the present procedure The molar 
extmction coefficient 25 mmutes after the addition of H2SO4 m the upper 
curve is 3750, whereas it is 3540 at the 25 mmute reading m the lower curve 
This 6 per cent difference accounts for the difference found between “ap- 
parent CP” by the present procedure and actual CP m test solutions 

Because of this difference in “apparent CP” and actual CP, all “apparent 
CP” values obtained with tissue extracts should be multiplied by 1 06 to 
obtam a “corrected CP” value ’’ 

’ If a smaller correction factor is desirable, tbe analysis may be carried out at a 
wave length of 1000 m/i rather than 660 ma At this higher wave length there is less 
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Ttssiie Eviracts—¥ig 4 show s typical curves foi optical density 
time durmg the course of analysis of extracts of muscle and nenc Th’ 
“normal auricle” v as an isolated left auricle of a gumea pig winch had ben 
driven electrically' at 1 beat per second foi about 30 mmutes in osygenatel 
Kiebs-bicaibonate solution at 37° The “poisoned amide” was simil.r 
to the “normal” except that it had been exposed to 5 X 10~® A-stropbc 
thin for about 20 mmutes This cardiac glycoside had fiist produced cs 
mciease in force of contraction, but by the time the auricle was frozen fo 
analysis, the force had decreased about 80 per cent as a result of poison 
ing by' an excess of the drug Fig 4 indicates that this decrease in force i 



TIME (MIN) 

Fig 4 Optical density changes during course of analysis for IP and CP m PCi 
e\tracts of different tissues #, gumea pig auricle, X, guinea pig auricle after poi 
sonmg inth excess ^-strophanthin, O, smooth muscle of rabbit stomach, A, 
sciatic nerve The arrows indicate the additions of 5 n H 2 SO 4 

associated with a marked decrease m CP concentration and mcrease in If 
concentration 

The apphcabihty of this analytical procedure to smooth muscle ami 
nerve is also shovm by the lower curves m Fig 4 The smooth mine*’ 
analyzed was a strip of muscle separated from the mucosa of rabbit stomaca 
and incubated for 30 minutes m oxygenated Krebs-bicarbonate soluiio 
at 37° The nerve analyzed was frog sciatic nerve Two nenes 

discrepancy between the extinction coefficient of the reduced phosphomobhdi^ 
complex developed m the first step of the procedure and that developc( a 
addition of HsSO^, and as a result of this the correction factor is about 1 0- w 
than 1 06 The disadvantage of using X 1000 mu is that the extinction coc « 
for the reduced phosphomolybdate complex at any time during the course 0 a 
is only about 80 per cent as great as it is at X 660 m/i 




R F PURCHGOIT \ND T DB GUBAREFF 


385 


jDOoled and kept in o\ygenated fiog Rmgei solution foi about 10 minutes 
pi 101 to fieezing 

In the anal 3 '^sis of e\tiacts of muscle and neivous tissue the IP concentra- 
tion and the “appaicnt CP” concentiation aie obtained by the technique 
desciibed foi test nu\tuies of IP and CP, with the optical density (extra- 
polated) at zeio time and the optical density at the 30 minute interval 
The optical density leadings at mteivals between the time of addition of 
the H 2 SO 4 and the 30 minute interval are not leqmied for the determination 
of the concentration of "appaient CP,” but these inteimediate leadings 
should be made m piehmmaiy expeiiments on each type of muscle or nerv- 
ous tissue studied to asceitain whether the organic phosphate hydiolyzed 
during the second phase of the analysis behaves like creatine phosphate 
If it does, a plot of “apparent IP” against time following the addition of 
H2SO4 (as in Fig 2 ) should give an exponential curve with a half time simi- 
lar to that of CP (2 5 to 3 minutes) This requirement was foimd to be 
satisfied in the case of all tissue extracts reported on m the present work 

The results of anal 3 '^ses on the extiacts of three different types of mamma- 
lian muscle and of fiog sciatic neive are shown in Table I In all experi- 
ments CP concentrations veie obtained by multipl 3 ’-mg the “apparent CP” 
concentrations by the collection factor, 1 06, previously discussed 

With three extracts of guinea pig auricles recovery experiments Mere 
carried out on CP A known concentration of this substance M^as added 
to a portion of each extract, and the concentrations of CP in the original 
extract and in the portion ivith added CP iveie determined The extra 
CP shoivn by analysis amounted to 99, 100, and 101 per cent of the added 
CP m the three experiments 

Variations in CitSOi Concentration — ^In the absence of CUSO 4 the develop- 
ment of the reduced phosphomolybdate color after addition of FSM to 
standard IP solutions m 0 05 n PCA is only about 60 per cent complete in 
2 minutes and is still several per cent short of completion in 5 minutes In 
the presence of the usual concentiation of CUSO 4 (final concentration of 
0 15 mji) color development due to IP imtially present m standard solutions 
or extracts is over 90 per cent complete m 1 minute and essentially complete 
111 2 mmutes (Figs 1 and 4) Increasing the concentration of CUSO 4 2 - 
to 5-fold does not give any appreciable further increase 111 the rate of devel- 
opment The effect of CUSO 4 in the present procedure differs from that 
observed m the Lowry and Lopez procedure (9) in that the presence of 
Cu++ in the present method does not result m an enhancement of the ex- 
tinction coefficient of the reduced phosphomolybdate complex In the 
Fiske and Subbarow procedure CUSO 4 neither increases the rate of color 
development nor mcreases the extmction coefficient 

Variations in FSM Concentration — In the standard procedure developed 
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here 40 c mm of FSM aie added to 200 c mm of solution, appro\imatcl\ 
0 05 N with lespect to PCA Due to the NaoSOs and NaHSOs of the FSM 
the addition immediately mci eases the pH of the solution fioni about 1 4 
to about 2 3 This latter pH level is close to the pK of H 2 SO 3 (about 1 S1 
thus the solution is well buffered during the hist pait of the piocedure dur 
mg which time IP is determined The effects of vaiiations in the aniouni 
of FSM added have not been extensively tested Hoivevei, it should b 
noted that the addition of 50 c mm lather than 40 c mm of FSM dc- 


Table I 

Inorganic Phosphate, Creatine Phosphate, and Adenyl Pyrophosphate (APP) 
in Different Types of Mammalian Muscle and in Frog Nerve 


Auricles, stomach muscle, and frog nerve were frozen for analysis after incub’ 
tions in vitro as described in the text Skeletal muscle (rat gastrocnemius) in 
frozen immediately after excision 


Tissue* 

fimoles per gm tissue (wet ■ 

sv eight) 

IP 

CP 

APPf 

Guinea pig left auricle 

5 91 zb 0 31 

4 35 db 0 17 

5 44 ± 0 11 

Rabbit stomach muscle 

! 2 6 

1 5 

2 8 

Rat skeletal muscle 

1 5 1 

18 4 

i 67 

Frog sciatic nerve 

i 2 0 

1 6 

1 9 


* The values for guinea pig auricles are mean values (± standard error of the 
means) obtained with extracts from eleven auricles The values for other ti 'uc- 
are from representative experiments on single extracts The values for skeletal 
muscle V ere kindly supplied by Dr Ethel Ronzoni 

t APP represents labile phosphate of ATP and adenosine diphosphate Thi 
was determined enzymatically by the method of Kalckar (11) in the case of aurick 
and stomach muscle, by IP liberation during a 15 minute hj’^drolysis at 100° in 1 
H2SO4 in the case of nerve, and by chromatographic separation of ATP and adeno 
sine diphosphate followed by spectrophotometric analysis in the case of skeletii 
muscle (13) 


creases the rate of hydrolysis of CP m the first part of the piocedure aboui 
50 per cent This slotvei splitting of CP appeals to be a result of ft'' 
highei pH (about 2 5) obtained with the 50 c mm addition Since to'' 
rapid splitting of CP may lead to less accurate determinations of IP, ‘j ’ 
recommended that 50 c mm of FSM be used m place of 40 c mm u 
the procedure is carried out at room temperatures above 30° ” “ 

larger amount of FSM decreases the rate of CP hydiolysis in the first 
of the piocedure, it increases the rate of CP hydiolysis 111 the secon 
of the method (aftei addition of H2SO4) more than 50 per cent, pro ' 
because of the higher molybdate concentration present _ 

In connection with the catalytic effect of molybdate on CP h} i 
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it was found that an appioximately 5-fold inciease in the ammonium molyb- 
date concentiation (to a final concentiation of 1 25 pei cent) did not ap- 
pieciably inciease this late duiiiig the fiist part of the present procedure 
This IS somewhat suipiising in view' of the finding of Weil-Malherbe and 
Gieen (14) that 1 pei cent ammonium molybdate gieatly inci eases the late 
of hj'drolj'sis of CP at 0° at pH levels similai to those in our experiments 

Table II 

Hydrolysis of Different Phosphate Esters and Anhydndes in Standard Procedure 
All compounds were tested at a final concentration ranging from 0 05 to 0 15 mw 
The room temperature at time of testing wms from 24-27° The change in optical 
density due to IP liberation w as used to determine extent of hydrolysis 


Compound* 

j Hydrob SIS during 
1st part o( 
procedure (5 mm 
at pH 2 3) 

Hydrolysis during 
2nd part of 
procedure (25 min 
in 0 5 N HiSOi) 

Half time for 
hydrolysis in 2nd 
part of procedure 


per cent 

per cent 

imn 

Creatine phosphatef 

8-12 

100 

2 5-3 0 

Deoxj ribose-1-phosphate 

100 



Acetj'l phosphate 

58 

100 

<1 

Ribose-1 -phosphate 

8 

100 

1 

Inorganic pyrophosphate 


7 


Adenosine triphosphate 

0 

1 


Glucose-l-phosphate 

0 

1 

2 

1 



* The following compounds w'ere not detectablj' hydrolj'zed in either part of the 
procedure adenosine diphosphate, adenylic acid, glucose 6-phosphate, fructose-l- 
phosphate, fructose-6-phosphate, a-glycerol phosphate, phosphopyruvate, diphos- 
phopyridine nucleotide, triphosphopyridine nucleotide Deoxyribose-1 -phosphate 
and ribose-l-phosphate wmre kindly supplied by Dr Morns Friedkin, and acetyl 
phosphate and phosphopyruvate by Dr Arthur Kornberg All other organic phos- 
phates were obtained from the Sigma Chemical Compan 3 ’' or the Pabst Labora- 
tories 

t The differences in the rate of hydrolysis of CP in different experiments were 
probably due to variations in room temperature 

Behavior of Various Phosphate Compounds — A number of phosphate 
esters and anhydndes besides CP W'eie tested in the present piocedure 
(Table II) Deoxyribose-1-phosphate is hj'drolyzed completely wnthin the 
first 2 or 3 minutes, and therefore its presence would interfere with the 
analysis of IP The rate of hydrolysis of acetyl phosphate in the first part 
of the procedure is also somewhat too rapid to permit an accurate analysis 
of IP in its presence However, by reducing the molybdate concentration 
of the FSM to one-half, the rate of hydrolysis of acetyl phosphate may be 
reduced approximately one-half, thus permittmg a fairly accurate IP 
analysis Ribose-1-phosphate is hydrolyzed m the first part of the proce- 
dure at about the same rate as CP Its presence m significant concentra- 
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tions \\ould not inteifere ^\lth the determination of IP, but would ccrtimA 
lead to inaccuracies in the determination of CP Inorganic pj ropho'^btr 
IS hydrolyicd T pei cent dvumg the second pait of the procedure, and ji 
high concentration would inteifeie with the deteimination of CP Onti’ 
other hand, only about 1 per cent of the pyrophosphate of adeno'^mc tn 
phosphate (ATP) is hbeiated duiing this part of the method Becau'etl 
degree of hydrolysis of ATP is so small, no collections hare been madpfr 
it in the deteiminations of CP of tissue e\tiacts reported on in this pape. 
Of the other compounds tested only glucose-l-phosphate undergoes a de- 
tectable degiee of hydiolysis (about 2 per cent) during the second parte' 
the proceduie 


SUMMARY 

1 The method of Fiske and Subbarow^ has been modified so that inor 
game phosphate and creatme phosphate can be determined successueh m 
the same aliquot of extract during a continuous run in a spectrophotometer 
Inorganic phosphate is fiist detei mined at pH 2 3 wuth the aid of added 
CUSO 4 to increase greatly the rate of development of the reduced pliospho- 
molybdate color Stiong acid is then added to hydrolyze creatine pbo 
phate, and the extra coloi developed gives a measure of this compound 

2 Applications of this procedme to the determmation of inorganic pho'- 
phate and creatine phosphate in extracts of muscle and nerve are described 

3 A simple and convement apparatus for pulvenzing small samples ol 
frozen tissue prior to extraction is desciibed 
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EFFECTS OF SOME DIETARY FACTORS ON THE METABOLISM 
OF FATTY ACIDS IN LIVER PREPARATIONS* 
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TFaic Forest College, Wtnslon-Salem, North Carolina) 

(Received for publication, March 26, 1956) 

Previous lesults indicated that the oxidation of isotopic long chain fatty- 
acids in isolated preparations of hvei (1) and other tissues (2) is enhanced 
by choline, admimstered tn vivo to lats on low casein diets The diets 
used in these expeiinients contained little methionine (a major biological 
precmsoi of both chohne and cystine) and were practically fiee of cystine 
A study of the effects of supplementmg such, or similar, diets with cystine 
seemed of mterest, m view also of other findings in the hterature Indeed, 
fatty infiltration of the liver is more severe when cystine is added to high 
fat, low protem diets (3) On the other hand, a massive hver necrosis 
occurs frequently -vnth ceitain diets which aie deficient m S-contaming 
ammo acids (4) Smee the latter condition is prevented by admimstration 
of cystine, as well as of tocopherol (5), the effects of supplementing the 
deficient diets ivith this vitamin were also studied Both the CO 2 pro- 
duction from isotopic palmitate or stearate, added to hver homogenates, 
and the mcorporation of C“-acetate into long chain fatty acids of hver 
shces were mvestigated 

In spite of considerable variations and some discrepancies, prehmmary 
results (6) strongly suggested that cystine and tocopheiol enhance the 
oxidation as well as the synthesis of fatty acids, whereas only fatty acid 
oxidation was stimulated by chohne, admimsteied terminally to the am- 
mals These tentative conclusions are corroboiated by the results of 
additional experiments and by a statistical analysis of the pre-vious and 
more recent data A comprehensive report of our study is presented here 

EXPERIMENTAL 

Male albmo rats (Rockland Farms, imtial weight, 50 to 70 gm ) were 
maintained for various lengths of time (mostly 2 to 4 weeks) on one of the 
experimental diets (Table I) without or with added supplements These 
included L-cystine, 1 0 gm , a-tocopherol, 0 025 gm , DL-methiomne, 1 0 
gm , chohne chloride, 0 5 gm per 100 gm of diet To enhance the seventy 

Aided by the United States Atomic Energy Commission under a contract (No 
At (40-1) -1638) Isotopic compounds -were obtained from commercial sources under 
allocation from the United States Atomic Energy Commission 
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of choline deficiency in the experiments in which the effects of terimri 
injections of chohne were studied, 1 5 gm of guamdoacetic acid {GiVr 
per 100 gm of diet were added to the chohne- and cystine-deficient die! 
In these experiments, chohne chloride (0 25 mmole per 100 gm of rat) m 
admimsteied m two mtramuscular injections, 2 houis and 1 hour befoe 
death The rats were killed by decapitation, and the hveis were remoicd, 
cluUed, and either homogemzed (Potter-Elvehjem homogemzer) or slicd 
free hand 

In each experiment, liver preparations from one or more control rat , 


Table I 

Coviposthon of Experimental Diets* 


Diet No 

a Protemf 

Casern 

Crisco 

Cod liver oil 

Estimated coatr 
in S<oalaLi_, 
ammo «ni>; 


per cent 

per cent 

per cent 

per cent 

per £f«( 

53 

8 


4 

1 

0 11 

55 

15 


4 

1 

0 20 

26 


5 

4 

1 

0 19 

47 


8 

4 

1 

0 31 

52 

8 


30 

2 

Oil 

54 

15 


30 

2 

0 20 

28 


5 

30 

2 

0 19 

46 


8 

30 

2 

0 31 


* In addition, all diets contained salt mixture (U S P XII) 4 per cent, Rufti 
2 per cent, dextrin and sucrose in equal amounts to make 100 parts 1 ml of a 'o 
lution of B vitamins (1) was incorporated in 100 gm of diet 
t Obtained from soy beans 
t Computed as metbionine 

mamtained on a deficient diet (unsupplemented, oi with added GM), 
incubated simultaneously with similar preparations from rats whicli hd 
been maintamed, generally for the same length of time, on the same diei 
vnth added supplements In addition to the experimental flasks (taofo 
four flasks for each hver preparation), one or two “blank flasks” iierepa^ 
pared exactly as the experimental flasks, except that the tissue nas 
in a boihng water bath for '10 imnutes befoie the isotopic substrate Cl- 
added The flasks were shaken for 3 hours m air in a Wai burg bath at 
In the experiments on fatty acid oxidation, the incubation medium w 
tamed, in a total volume of 6 ml of Ca-free Ringer-phosphate (pH 7 
mg each of pemcilhn and dihydrostreptomycin, 12 pmoles of adena'i'' 

1 The follo'sv'ing abbreviations are used GAA, guamdoacetic acid, ATP, a'tw*’ 
triphosphate, CoA, coenzyme A, DPN, diphosphopyridine nucleotide 
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tiiphosphate (ATP), 300 to 600 mg of homogenized tissue, and 1 to 2 
^moles (1 to 2 ;uc) of palmitate-1-C”, or, less fiequently, stearate-l-C“ 
The C‘^02 produced during the incubation was collected and measured 
as described (1) 

In the expel iinents on fatty acid synthesis, 500 to 700 mg of slices, 3 
mg each of penicillin and dihydiostreptomycm, and acetate-l-C^^ (2 /Lxmoles, 
1 ^lc) weie incubated m 5 ml of Hinger-phosphate, contaimng Ca and 
Mg (pH 7 4) At the end of the incubation period, was deteimmed 
on the respiratory COa and on the fatty acids and cholesterol extracted 
from the tissue The contents of the mam compartments of two flasks 
were pooled and sapomfied mth NaOH m water-ethanol The unsapom- 
fiable matter was extracted with petroleum ether from a medium con- 
taming approximately 0 1 N NaOH in 50 per cent ethanol The com- 
bined petroleum ether extracts were washed with an aqueous solution 
of non-isotopic acetate, and, after evaporation of the solvent, choles- 
terol was precipitated with digitomn from an acetone-ethanol-water solu- 
tion (7) After extraction of the unsapomfiable matter, the soap solu- 
tion was freed of ethanol by evaporation, acidified, and extracted with 
ethyl ethei The ether was evaporated, and the residue, dried tn vacuo 
at 55°, was taken up in petroleum ether The solution was filtered through 
asbestos, the solvent was removed, and the total fatty acids were weighed 
and redissolved m chloroform Ahquots of this solution were brought to 
a standard weight by addition of egg hpides, plated, and counted In a 
few expenments, the long chain fatty acids, after sapomfication and extrac- 
tion of the unsapomfiable matter, were precipitated with CUSO 4 and 
Ca(OH) 2 , according to Lehmnger and Smith (8), and the precipitate was 
washed repeatedly by centrifugation -with a solution of non-isotopic Na 
acetate After acidification, the fatty acids were extracted with ethyl 
ether, plated, and counted When either procedure was apphed to the 
"blank flasks,” only neghgible amounts of radioactivity were found in the 
recovered fatty acids and cholesterol 
On ahquots of the liver homogenates, total N (9), total hpides (weight 
of the chloroform extract (10)), and lipide P (11) were determined The 
differences between total hpides and total phospholipides (hpide P X 25) 
were designated as hver “fat”, these values include cholesterol and other 
unsapomfiable substances in addition to triglycerides In the experi- 
ments on fatty acid synthesis, total N was determined on separate samples 
of hver slices 


Results 

In each experiment, the ratios” (01 the "C“-fatty acid ratios”) 

were calculated, t e , the ratios of the values obtained on the hvers of the 



392 


DIET AND FATTY ACID AIETABOLISM 


rats receiving a given supplement to tlie corresponding value obtained m 
the same experiment, on the hvers of the control ammals, fed the defici'cr' 
diet For the sake of brevity, only the medians and the means of tb-' 


Table II 

Effects of Suppletnenhng Fanous Diets with Cystine on Fatly 
Acid Oxidation in Liver Homogenates 
The substrate was stearate-l-C*^ or palmitate-l-C‘* 


Diet No * 

Dietary protein 

Average 
change in 
liver 
‘'fat”t 

C''Oi ratiost 

Per mg liver N 

WTiole liver} 

Medians 

Means]] 

Medians 

Means} 

Low fat diets 

53 (5) 

55 (9) 

26 (12) 
47 (7) 

a-Protein 

<( 

Casein 

(C 


2 05 

2 22 

1 36 

1 42 

1 2 53** ± 0 51 

1 1 55** ± 0 20 

2 60 

2 57 

1 51 

1 59 

[ 2 72** ± 0 4! 

1 1 77** ± 0 3/ 

High fat diets 

H 

a-Protein 

Casein 

<( 

+93 

+117 

-227 

-387 

1 79 

2 75 

1 61 

1 29 


1 84 

2 69 

1 47 

1 22 

1 2 45** ± 0 3/ 

[ 3 31** ± 1 01 


* No of experiments in parentheses 

t The "fat” content of the hvers of rats on the C 3 'stine-supplemented diet, I? 
that of the hvers of rats on the unsupplemented diet "Fat” = total Iipidcs {bf 
weight), less total phosphohpides (lipide P X 25) 

t Ratios of produced by the hvers of rats on the cystine-supplcmenlcd dicl 

to the C ‘^02 produced, in the same experiment, b 5 ’' the hvers of the control rat c 
the unsupplemented diet 

§ Values adjusted to 100 gm of body weight 
II The figures preceded by rt are the standard errors of the means 
if Significantly different from 0 (P <0 05) The unmarked values are not signin 
cantly different from 0 (P >0 05) 

** Significantly different from 1 (P <0 05) The unmarked values are not signi 
cantly different from 1 (P >0 05) 


ratios (leferied to the unit of tissue N and to the whole liver of a l00f‘ 
rat) are presented Whereas calculation of the means and of their siw 
ard errors was required for testing the significance of the results (bj' i 
er’s t test (12)), it was felt that the mean was unduly influenced lij 
occurrence of a few very high mdmdual values, and that, consequen J> 
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median described move accuiately the set of data obtained in each group or 
subgroup of expeiinients The average changes in the “fat,” oi in the total 
fatty acid content, of the liver are also included in Tables II to VI Pro- 
duction of C^'^Oa fioni labeled fatty acids was significantly higher (Table 
II) when cj^stine had been added to the deficient diets, whether or not these 
diets contained a-piotein oi casein, and iirespective of the amounts of fat 
included in the diet In some expeiiments, this effect of dietary cystine 

Table III 

Compariso7i of Effects of Various Dietary Supplements on Fatty 
Acid Oxidation in Liver Homogenates 

Rats on Diets 53, 55, 26, or 47 The substrate was stearate-l-C*'* or palmitate- 
1-C'* 



Average 
change 
in liver 
"fat” t 


C'Os ratiost 


Dietan supplements* 

Per mg liv er N 


Whole Iiver§ 


1 

Medians 

Mcansll 

Medians' 

MeanslI 

Cjstine (11) 

p,g per 
liveri 

+945^ 

1 91 

1 94** db 0 31 

2 45 

2 45** db 0 39 

Tocopherol (10) 

■fl38 

3 61 

3 61** ± 1 12 

1 83 

3 04** ± 0 86 

Cystine ind tocopherol 
(7) 

+7131f 1 

2 03 

2 03** ± 0 15 

2 27 

2 59** ± 0 27 

Cjstme (15) 

+3621[ 

2 59 

2 77** ± 0 32 

2 18 

2 47** ± 0 35 

Choline (11) 

-70 

1 51 

2 54 ± 1 01 

1 88 

2 65 ± 1 16 

Methionine (8)tt 

-4 

1 90 

2 74** ± 0 58 

2 06 

3 12** ± 0 93 


*> t) §, II, If, ** See corresponding footnotes of Table II 

t Ratios of produced by the livers of rats on the supplemented diet to the 
produced, in the same experiments, by the livers of rats on the unsupplemented 

diet 

tt Including two experiments in ivhich, instead of methionine, a mixture of choline 
and cystine was added to Diet 26 

was observed even after only 2 days of supplementation In Table III 
are recorded the results of two series of experiments, m which the effects 
of cystine and of other dietary supplements on the %n miro oxidation of 
fatty acids weie compared Tocopherol alone vas as effective as cystine 
No further enhancement of fatty acid oxidation was demonstrable in the 
livers of rats, which had received both cystine and tocopherol supplements 
Prom the medians and the means of the values obtained in the second senes 
of experiments, it would appear that the oxidation of fatty acids in vitro 
was enhanced by choline, methionine, oi cystine to approximately the same 
extent However, supplementation of the a-piotem diets with choline 
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^^as often ineffective, or only slight^ effective Since a number of th? 
rats recemng choline had been on Diet 53 or 55, the means for the 
group are not significantly different from those of the controls (Table 111) 
Data on the incorporation of C“ in the respiratory CO 2 and in clioV 
terol of liver slices, incubated ivith labeled acetate, were inconsistent 
jMoreover, values for the C“-fatty acid latios in the livers of rats niaint‘nno'1 
on lugh fat diets were also eiratic, perhaps because of the complicitin; 
effect of dietary fat in restricting hpogenesis tn vitro (13) Accordmgh 
these data are not presented heie On the other hand, supplementatinj 


Table IV 


Effects of Supplementing Various Diets with Cystine on 
Fatty Acid Synthesis in Liver Slices 
The substrate was acetate-l-C''* 


Did No * 

Dietarj protein 

Avetage 
change 
in h\er 
fatty acidst 

C'LFatty acid ratios! 

Per mg In er N 

Whole hicr§ 

Medians 

Meansll 

Medians 

Mean'] 



mn per 







fieerf 





53 (6) 

a-Protein 

+363^ 

1 81 

> 2 80** rb 0 81 

2 85 

1 3 69** ± 1 W 

55 (6) 


+647^ 

1 45 


1 96 


26 (11) 

Casein 

-169 

4 17 

[ 2 99** ± 0 73 

3 82 

1 3 31** ± OS’ 

47 (4) 


-t-447 

1 20 


1 37 



*1 §1 11) fl) ** See corresponding footnotes of Table II 

t Total fatty acid content of the livers of rats on the cystine supplemented diet, 
less that of the livers of rats on the unsupplemented diet 

t Ratios of C^-acetate incorporated in long chain fatty acids of the hvers of ran 
on the supplemented diets to the values obtained, in the same e\penment, on tf 
livers of rats on the unsupplemented diet 


of any of the four low fat diets unth cystine definitely enhanced the si nftif- 
sis of fatty acids from C“-acetate (Table IV) Similai enhancements lur? 
observed by supplementing Diet 53 01 55 with tocopherol The mednru 


and the means of the C*'* -fatty acid ratios in the livers of rats receiving 


bof^ 


cystine and tocopherol were even higher, but, in view of the small iiun'h 
of determinations and of the marked vaiiations in the individual data, 
standard errors of the means are quite large (Table V) 

In Table VI the effects of high doses of choline chloiide, injected (f* 
minally, on the oxidation or on the synthesis of fatty acids m !•>' 
been compared In hne with our previous data (1), following the 
tions, a marked stimulation of the C ^‘'02 production was obsen ed w 
livers of rats on Diet 26 mth added GAA In some but not in all e.'p^‘ 
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TAni,Ti V 

Compauson of Effects of Dictaiy Supplements of Cystine, Toeopheiol, oi 
Cystine and Toeopheiol on Fatty Acid Siinthcsis in Livci Slices 


Rats on Diet 53 or 55 Tlio aubslinto was ncotalo-l-C''' 



Avernge 
change 
in li\cr 
fntty ncitlsf 


C><-rntty ncid rnlioat 

Dicfarj supplements* 

1 Per mg liver N 


Whole I!\er5 


Medians 

trennsll 

Medians 

Meansll 

iystine (12) 

wg per 
livtri 

+C471I 

1 80 

2 80»* ± 0 81 

2 42 

2 SO** db 0 51 

'ocopherol (10) 


1 55 

2 SS** ± 0 39 

1 80 

2 39** rb 0 51 

Jystine and tocopherol 

(7) 

+73211 

2 15 

3 15 ± 1 ID 

2 09 

4 37 ± 1 04 


*> §) II) IT) ** See corresponding footnotes of Table II 
t, t See corresponding footnotes of Table IV 


Tabli! VI 


Comparison of Effects of Choline Injected Terminally on Fatty Acid 
Oxidation or Synthesis, in Livci Homogenates oi Slices 
All rats on Diet 20 Control rats on Diet 20 with added GAA 


Isotopic 

substrate 

Dietary 

supplement* 

Choline 

Average 
cliange 
in li\er 
lipidcst 

Per mg liver N 

Whole lit er} 

m- 

jeetedf 

Med 
jnns j 

Meansll 

Med 
jflns , 

Meansll 

1 



m 

CnQi ratiosV 

Stearate 

GAA (7) 

+ 

+212 

2 40 

3 73** ± 0 05 

2 34 

3 01** ± 0 83 

it 

Cystine (11) 

0 

+01 

2 42 

2 41** ± 0 38 

2 32 

2 40** ± 0 44 

t( 

“ (G) 

+ 

-72 

3 54 

4 02** ± 0 70 

3 47 

4 08** ± 1 01 

1 



mg fatly 
actds\ 

C" Tatty acid ratiosK 

Acetate 

GAA (9) 

+ 

+58 

1 02 

0 89 ± 0 23 

0 88 

1 01 ± 0 29 

(( 

Cystine (9) 

0 

-101 

4 10 

3 11** ± 0 73 

3 82 

3 GO** db 1 02 

(< 

“ (9) 

+ 

+183 

1 01 

1 00 ± 0 42 

1 14 

1 77 ± 0 53 


§1 III ** See corresponding footnotes of Table II 
t 2 5 ml of 0 1 M choline chloride per 100 gm rat in two intramuscular injections 
' ^ours and 1 hour before the rat was killed 
t Lipides of the livers of rats injected with choline, or receiving cystine in the 
het, less the values obtained, in the same expeiiment, on the livers of the control 
ats (not injected with choline and not receiving cystine) 

H Ratios of the values obtained on the livers of the rats injected vith choline, 
>r receiving cystine in the diet, to the values obtained, in the same cvpciimenf, on 
■he livers of control rats (not injected with choline and not receiving cj^stine) 
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mente fatty acid oxidation in the hvers of rats receiving cystine nas furlhf, 
enhanced b}’' choline On the other hand, chohne injections did not stiniu 
late lipogenesis in hver slices from rats on the deficient diets, and c\cr 
seemed to inlubit this process in the hvers of rats on the cystine-snpp'Q 
mented diets 


DISCUSSION 


Since methiomne in the rat is a precursor of both cystine and cholmo 
the enhanced fatty acid oxidation m the hvers of rats receiving cyslii 
could be asciibed, partly at least, to a sparing action of cystine on tb 
limited amounts of methyl groups available for the synthesis of choke 
Such an interpretation would be in hne with the effects of cholino an; 
cystine on the oxidation of the methyl group of methionine (14) 

In niro synthesis of fatty acid from acetate was also enhanced by sup 
plementing the low fat diets mth cystine This finding is in agreement 
vnth the earher demonstration of an increased hpogenesis m intact rats, fed 
a low casern diet enriched ivith cystme (15) On the other hand, choke, 
injected terminally in animals, stimulated the oxidation of fatty acids, but 
not their synthesis It seems therefore that chohne and cystme act on 
fatty acid metabohsm through different mechamsms and at different bio- 
chemical sites 

Whereas, in most of our experiments the so called “antihpotropic effect" 
of cystine (3) was quite marked, in others the “fat” contents of the hvers of 


animals receiving cystine were siimlar to, or lower than, those of the rat' 
on the unsupplemented diet Sundar findings with high levels of dietan 
cystine (above 0 5 per cent) have been noted (16) Moreover, an apparent 
antihpotropic effect of methiomne, added to a threonine-deficient, choline- 
supplemented diet has been described (17) If an extension of the result 


obtamed on hver preparations to the intact animals is pemussible, the oc 
currence of an antihpotropic action of S-contaimng amino acids could b 
ascribed to a stimulation of hpogenesis proportionally greater than that c 
fatty acid oxidation At present, since quantitative data are lacking an*! 
in view of the number and variety of factors involved, the conditions undw 
which such a disproportion occurs can only be determined empincall} 
Our present findings are probably related to some of the nietaboJ 
changes which piecede the onset of dietary hver necrosis and which arc a 
prevented by either cystine or vitamin E In shces from the livers ol ■ ^ 
fed a 30 per cent Torula yeast diet, a rapid respiratory dechne, acconipaai'^ 
by a lower incorporation of C^^-acetate into fatty acids, acetoacetatc, a - 
CO 2 , was noted No decrease in O 2 consumption was apparent m homo? 
nates of these hvers or m shces from rats with other types of liver dai ^ 
(18) Livers of rats fed a necrogemc diet (contaimng 15 per cent« 
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and therefoie sinulai to our Diet 55) exhibited lower rates of hpogenesis 
and a decrease in the levels fiist of coenzyme A (CoA) and later of diphos- 
phopyiidine nucleotide (DPN) (19) The mcoiporation of cystine-S^® into 
hvei CoA is also maikedly depressed in these animals (20) The role of the 
low levels of CoA m the development of hver necrosis has been questioned 
(21) However, since CoA is involved in the synthesis as well as m the 
oxidation of fatty acids, it is tempting to postulate that, m our experi- 
ments, the mcreased rates of both these processes in the hvers of rats re- 
ceivmg cystine might be due primaiily to the mamtenance of high levels 
of CoA m the tissue - Indeed, previous observations on pantothemc acid- 
deficient rats mdicate that the CoA levels actually represent a lumtmg 
factor for the oxidation of fatty acids (22) and for the synthesis of choles- 
terol and fatty acids (23) m hver preparations The similarity in the 
effects of dietary cystine and tocopherol on both fatty acid oxidation and 
synthesis tn vitro could perhaps be explamed by the assumption that to- 
copherol plaj’^s a role m the utihzation of cystme-S for the synthesis of hver 
CoA (19) 

The excellent techmcal assistance of Mrs E Hamrick Brady is grate- 
fully acknowledged 


SUMMARY 

Oxidation of isotopic long chain fatty acids and fatty acid synthesis from 
C'^-acetate have been studied m hver homogenates, oi shces, from rats 
previously mamtamed on various diets low m S-contammg ammo acids 
Both processes are enhanced by supplementmg the deficient diets with 
either cystme’or tocopherol On the other hand, chohne, mjected ter- 
mmaUy m the rats, stimulated oxidation, but not the synthesis of fatty 
acids m the hver preparations 
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When rats aie allowed a choice between dilute alcohol and water, volun- 
tary alcohol consumption may be used to separate them into several groups, 
since alcohol consumption is characteristic of the animal Mardones and 
coworkers (1) have shown that the amount of alcohol consumed is partly 
deteiimned by the genetic background of the rats, the number of those 
classified as “drinkers” having been increased considerably by selective 
breeding It was of interest to determine whether differences m the rate 
or amount of alcohol oxidation could be detected between lats classified as 
“drinkers” and those classified as “non-drinkers ” 

EXPERIMENTAL 

Adult male and female rats weie used m these studies Those labeled 
“Chilean” were either raised m Mardones’ laboratory or were bred from 
the Mardones stock at Harvard University Adult male and female rats 
purchased from the Charles River Breedmg Laboratories, Cambridge, 
Massachusetts, were also used These ammals were fed ad libitum the diet 
listed m Table I, and given a choice between 10 per cent alcohol and water 
After approximately 60 days, during which time alcohol and water intake 
were measured daily, the rats were separated into two groups the drmkers, 
which had an average intake of 4 to 10 gm of alcohol (absolute) per kilo 
of body weight per day, and the non-drinkers, which ingested less than 1 
gm per kilo per day After classification, rats from both groups and both 
strams were mjected intraperitoneally with 20 pei cent alcohol contaimng 
ethanol-l-C*^ at doses which supplied 0 5, 2 0, or 3 0 gm of alcohol per kilo 
of body weight After the mjection of alcohol, the rat was placed in a 
respirometer, and the respired CO 2 was collected at hourly intervals foi a 
period of 6 hours The radioactivity of the CO 2 was used as an index of 

Supported in part by grants-in-aid from the Williams-Waterman Fund of the 
Research Corporation, New York, National Vitamin Foundation, New York, ]\Ierck 
and Company, Inc , Rahwaj’’, New Jersey, and the J M Kaplan Fund, Inc , New 
York 
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the amount of alcohol metabolized The method of collecting CO. nrd 
the measurement of its activity have been described (3) 

Results 

The data in Table II indicate that at none of the three levels of alcol l 
dosage studied vas theie any significant difference in the oxidation oft! 
alcohol fiom either the dimkers oi the non-di inkers oi from the Cliiloa'^ 
and the North Ameiican strains of lats A sinulai conclusion can be draw 


Table I 
Basal Diet 


Constituents 


Casein (purified) 

per cent 

18 3 

Sucrose 

64 2 

Corn oil (Mazola)* 

13 8 

Salts IVt 

3 7 

Thiamine chloride 

)«f per it dill 

5 00 

Riboflavin 

6 25 

Calcium pantothenate 

6 25 

Pj ndoxine hydrochloride 

2 50 

Niacin 

125 00 

p-Aminobenzoic acid 

31 25 

Inositol 

1 25 

Biotin 

1 25 

Folic acid 

2 50 

Choline chloride 

250 00 


* Fortified with 0 5 gm of cod liver oil and 7 5 mg of a-tocopherol acetate 
f Hegsted cl al (2) 


from the cumulative recoveries of C“ 02 , plotted for two different alcoh 
dosages (Figs 1 and 2) These recovenes from the rats receiving 2 gm e 
alcohol per kilo give a nearly Imear curve duimg the first 6 hours H 
slope of such a line indicates an oxidation of 14 7 per cent of the dose l> 
hour, or a mean value of 294 mg per kilo per hour A closer inspection o 
the pomts suggests that, in conformity with previous woik (3), the cunf 
IS actually sigmoid, being below the line durmg the first hours and aboi^ 
the Ime at 4 and 5 hours Plottmg the cumulative recoveries from gronP' 


of ammals tends to “smooth out the curve” and make the changes m 




tion m relation to alcohol level only slightly exudent The curve for 
rats which received only 0 5 gm per kilo decreased rapidly vith tim( 
durmg the 2nd hour 29 1 per cent of the dose, te 196 mg per kilo per 


0^1 
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was oxidized This value is significantly lowei than the rate at the higher 
dosage 


Table II 

Mciabohsm of Ethanol~l-C^* by Two Strains of Alcoholic and Non-Alcoholic Rats 


Dose of 


Chilean strain 


North American strain 

20 per cent 
ethanol 

1 C* 

No 

of 

rats 

Drinkers, 
per cent 
metabolized*! 

No 

of 

rats 

Non-dnnkcrs, 
per cent 
metabolized 

' j 

No 

of 

rats 

Drinkers, 

Per cent 
metabolized 

No 1 
of 
rats 

Non-drinkers, 
per cent 
metabolized 

gm fcrhg 

0 5 

4 

93 3 ± 4 0 

4 

93 7 ± 2 2 

3 

85 5 ± 1 85 

3 

88 7 ± 4 2 

2 0 

4 

78 5 it 4 4 

6 

74 0 ± 1 7 

5 

78 4 ± 4 4 

5 

74 1 ± 2 1 

3 0 


1 

1 



44 0 ± 2 6 

5 

39 0 ± 0 9 


* Drinkers ingested 4 to 10 gm of alcohol (absolute) per kilo of body weight per 
day over a 60 day period, non-drinkers ingested less than 1 gm of alcohol per kilo of 
body weight over a 60 da 3 ’^ period 
t In 6 hours 



5'iq 1 Cumulative recoveries of activity in rats given 2 gm of alcohol per kilo 
of body weight 


Although the aveiage recoveries of from the Chilean rats at the 
0 5 gm dose were somewhat highei than the values obtained v ith the 
Noith American stiam (Table II), these differences are not statistically 



















alcohol oxidation and metabolism 


significant Thus, it a,ppeais 
the ability to oxidize alcohol 


unlikely that there is a strain diftercncc! 



TIME (HOURS) 

2 CumuLUvc recovers olamn.alsg.ven0 5 gn. 


of alcohol per tilo of bf'Jf 


weight 

discussion 

Previous studies (3) f 

oMdatioii upon the alcoho dose “dmimstoe^ , 

to 400 mg per kilo of body iveigh p which approximate tl' 

of 2 0 to 2 6 gni pei kilo of bo* '^'6 were adm.md* 

found in the present study when ^ ® „„seming volontaril) ' ' 

The tats selected as drinkers in this rtudy ,l,e to 

fto 10 gm of alcohol per kilo of body ^suming the '* 

alcohol consumption per day, P”''™’” ^ Jty of the animal to »'* 
amounts, approximated *e maM- cap^ „e,abo 

alcohol during the entire day J^PP““ ^ „f consumptw" 

alcohol limits the alcohol intake, ^ce ^ ^„,„als would bceoB'‘ 

alcohol would accumulate in the body and the 

toxicated r icohol oxidation at 

The observed difference m the rate ^ by Vitale d 

of alcohol is in agreement with the r ^ogs repo ^ ^ 

and with the course of the decrease ^ from an mspe 

Marshall and Fritz (4) As may be appreci 
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Fig 2, changes in the late of alcohol ovidation with changes m blood con- 
centiation cannot be leadily demonstiated at high levels of alcohol dosage 

The lesults obtained indicate that the diffeient drinking behaviors of 
lats classified as diinkeis and non-diinkeis seem not to be a consequence 
of a diffeience in the ability to oxidize alcohol Furtheimore, the pro- 
longed ingestion of alcohol by the diinkei lats seems not to increase their 
ability to oxidize alcohol Thus, if some “adaptation” to alcohol ingestion 
may occur, it does not seem to consist of an mciease m the enzymes neces- 
sary for alcohol combustion 

Although no diffeience m the ability to oxidize alcohol m drinkers and 
non-drinkers was demonstiable in these studies, it may not be correct to 
conclude that there are no diflfeiences in metabolism of alcohol m these 
animals We have measuied only the amount consumed by the mam 
oxidative pathways foi alcohol Undoubtedly, a small amount is dis- 
posed of by iiicoiporation into othei body constituents and metabolites 
Whether these mechanisms, which account foi only a small fraction of the 
total oxidized, may liai'^e an effect on the appetite foi alcohol is problem- 
atical The fact that the lats aie “different” presupposes differences m 
metabolism, although not necessaiil}'' in alcohol metabolism Studies upon 
acetate and pyruvate metabolism have been initiated, which mil be re- 
ported in a latei paper 


SUMMARY 

The rates of alcohol oxidation m rats which have a high voluntary al- 
cohol consumption have been compared with those which refuse alcohol 
offered to them No differences in the amount of aleohol oxidized at three 
different doses of alcohol ivere found 
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The study of oxidative phospliorylatioiii by the classical techniques of 
fractionation and isolation of the purified reactants has not been feasible 
because of the lability of the leaction systems Consequently indirect 
approaches to the problem have been adopted This paper reports re- 
sults from one such approach, namely, study by the use of P^^ and 0 ^* of 
enzynne exchange reactions of phosphate oxygen and of inoigamc ortho- 
phosphate (P,)8 which appear to be intimately related to oxidative phos- 
phorylation 

Prehminary reports from tins laboratory have described the finding that 
lat liver mitochondria viU catalj’^ze a rapid exchange of P, with the phos- 
phate of adenosine triphosphate (ATP) (P,-ATP exchange) as well as the 
exchange of phosphate oxygens with those of water ( 0 p,-H 20 exchange) in 
the absence of added substrate and oxygen uptake (1) Swanson has re- 
cently reported a similar exchange of P, with ATP which was catalyzed 
by mitochondria (2) The occurrence of a rapid exchange of phosphate 
oxygen m systems which catalyze net oxidative phosphorylation has been 
previously demonstrated by Cohn (3) and further studied by Cohn and 
Drysdale (4) A reversible incorporation of P,^^ into ATP catalyzed by 
brain homogenates and dependent upon net oxygen uptake has been 

* Supported m part by grants from the National Science Foundation and the 
Atomic Energy Commission Paper No 3510, Scientific Journal Series, Minnesota 
Agricultural Experiment Station 

t Present address. Department of Physiological Chemistry, University of Minne- 
sota, Minneapolis 

t United States Public Health Service Predoctoral Research Fellow 

§ United States Public Health Service Postdoctoral Research Fellow 

' The term oxidative phosphorylation, as used herein, connotes the conversion of 
inorganic orthophosphate to ester or anhydrophosphate compounds, coupled to en- 
zjTnic oxidations other than the reactions of substrates vuth oxidized pyridine 
nucleotides 

-The abbreviations used are P,, inorganic orthophosphate, ATP, adenosine tri- 
phosphate, ADP, adenosine diphosphate, ATPase, adenosinetriphosphatase, AMP, 
adenosine monophosphate, EDTA, ethylenediaminetetraacetic acid, DNP, 2,4-di- 
nitrophenol 
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EXCHANGE REACTIONS OF LIVER MITOCHONDRIA 


shown by Lee and Eiler (5), and Ernster, Ljunggien, and Lmdberg dcm 
onstrated that mitochondna, when o\idizing a-ketoglutaratc, cati\\\zc 
turnoiei of phosphate in ATP at a late wduch exceeds the rate ofif; 
phosphate uptake (6) 

This paper gnes further details of expeiiments wdnch demonstrate tic 
P,-ATP and Op-HoO exchanges, the effect of vaiious experimental co 
ditions on these exchanges, and some interpretation of the results 

Materials and Methods 

jNlitochondna from hvers of fasted rats were prepared essentiallj bj tl 
technique of Schneidei (7) as described previously (8), by using 02os 
sucrose containing 10~'' m ethylenediaminetetraacetic acid (EDTA) mtl 
or without 0 005 m /S-gljmerophosphate at pH 7 2 The mitochondna lu e 
suspended in a volume (in ml ) of the sucrose solution equivalent totb 
number of gm of fresh livei 

Reactions w'ere stopped by addition of appiopriate volumes of trichloro- 
acetic or perchloric acid solution, and analyses for P,, P^^, and O'® were 
made essentially as described pieviously (8, 9) Absorption of Pi on the 
charcoal, used to remove nucleotides fiom solutions for determination of 
radioactivity, was minimized by piehminary tieatment of the charcwl 
wuth a 5 per cent (w/v) trichloroacetic acid solution containing 0 05 m Pi 
O ther expenmental details are given with Tables I to VI and Fir 
1 to 4 


Residts 

Time Course of Exchange Reactions — Liver mitochondria isolated from 
rats fasted for 24 hours and incubated without added substrate mil 
i 3 '^ze an extensive exchange of P with the phosphate of ATP, and a much 
more rapid exchange of phosphate oxygen with water oxygen (1) 
time course of these exchange reactions obsen'’ed in a typical experiment i 
shown in Fig 1 The ordinates give values for the total amount of tlic 
exchange reactions These values weie calculated from the expected logi 
rithmic approach to isotopic equilibrium with the use of the following a 
lationship (10) the extent of reaction = In (1 — F) X i—AB)/{A + 
w'here A and B aie the amounts of the leactants undergoing exchange % 
F IS the fraction of isotopic equilibrium attained The results shorn in) 


both the Pi-ATP and the Op.-HoO exchange reactions continue in 


a ncirl' 


hnear manner over the 15 minute reaction period For each 
exchange betw^een P, and ATP, 18 phosphate oxygen atoms had 
In seven other similar experiments wnth 10 minute incubation 
ratio of oxygen atoms to phosphate exchange has ranged from 14 / 
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With an average of 16 7 No O 2 uptake was detectable after the 5 minute 
preincubation peiiod (1) 

The exchange appears to be specific for ademne nucleotides When 
the ATP was replaced by inosine triphosphate 01 undine tnphosphate, 
shght or no incorporation of P^- into nucleotides was found in a 20 minute 
incubation period 

Inhibtiion of Exchange Reactions hy 2 ,4-Dimtrophenol — Low concentra- 



0 5 10 15 0 5 10 15 

MINUTES MINUTES 


TIME COURSE OF THE F^-'ATP AND Op^'^HgO EXCHANGES 

Fig 1 The time course of Pi-ATP and Opi-HzO exchange reactions 1 ml of 
washed rat liver mitochondria in 0 25 m sucrose, 10~^ m EDTA, and 0 005 M ^-glycero- 
phosphate, pH 7 2, was added to a 3 ml solution containing 37 5 ^tmoles of ATP , 
pH 7 4, 37 5 /imoles of MgSO<, and 265 /imoles of KCl The mixture was incubated 
for 5 mmutes at 28°, after which 1 ml of a solution containing potassium phosphate 
buffer labeled with P“ and O'", pH 7 3, and KCl (to osmolanty = 0 25) was added 
The incubation was continued, and the reaction was terminated at the appropriate 
time by the addition of 1 5 ml of 30 per cent trichloroacetic acid solution P®® pres- 
ent m the ATP and present in the Pi were determined on appropriate aliquots 

tions of 2,4-dimtrophenol markedly inhibit the Pi-ATP exchange Fig 
2 shows the effect of increasing concentrations of 2,4-dimtrophenol on 
the P i-ATP exchange as well as on the acceleration of ATP cleavage by 
mitochondria Under the same conditions employed for the experiments 
reported, 2,4-dimtrophenol also markedly inhibited the Opi-H 20 exchange, 
as would be anticipated from the earher observations of Cohn (3) Both 
exchange reactions are inhibited by azide (8) 

Additions of adenosme monophosphate (AIMP) and, to a lesser extent, 
of adenosme diphosphate (ADP) also inhibit the P,-ATP and Opj-H20 
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exchange reactions ® The effects of 2,4-dinitrophenol may thus in p.-, 
reflect increases in the concentrations of ADP and AMP in the mcdiur” 
Possible Participahon of MztocJiondnal “ATPase” in P{-ATP Lick 
— Considerations of the energy involved make unlikelj’’ the possibihti tb 
the P,-ATP exchange reaction results from a leveisal of ATP hydroH- 
Furthermore, Koshland ct al (11) demonstiated that incoiporation of!’ 



Fig 2 The effect of DNP on the Pi-ATP reaction and ATP cleavage A soluto- 
containing 15 4 nmoles of potassium phosphate, pH 7 4, labeled with P i”, 
appropriate amount of DNP was added to an incubated solution (4 minutes) contain 
mg 7 4 nmoles of ATP, pH 7 4, 7 5 nnioles of MgCh, 50 nmoles of KCl, and 0 2^ 
of a rat liver mitochondrial suspension in 0 25 m sucrose and 10“‘ n EDTA 
final volume was 1 ml The mixture was incubated for 10 minutes at 30°, an 
reaction was terminated by addition of 5 per cent trichloroacetic acid 

into ATP durmg hydrolysis of ATP by actomyosm preparations n- 
extremely small As an additional test, crude mitochondrial ATPasc ' - 
prepared as described by Eaelley and Kielley (12) With such 
tions, no incorporation of Pi®^ into ATP was detected under such 
that the amount of incorporation with intact mitochondria of comps > 
ATPase activity would have been very marked 

Another possibihty is that the mitochondnal ATPase might, m i'' 

® Luchsinger, W W , and Bo 3 ’-er, P D , unpublished experiments 
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mitochondria, catalyze a tiansfei of phosphate from ATP to an acceptor 
othei than water by means of an enzyme phosphate intermediate The 
maiked inhibition of the ATPase by adenosine diphosphate (13) could 
conceivably lesult fiom leaction of an enzyme phosphate intermediate with 
the ADP to foim ATP To test such a possibihty, measurements were 
made of the incorporation of ADP-P^^ into ATP when the ATPase was 
inhibited by added ADP Some incorporation of ADP-P^^ was found, 
however, tins was only slightly decreased by addition of sufficient p-mer- 

Table I 

Phosphate Oxygen Exchange Accompanying Net Oxidative Phosphorylation 
The 20 ml reaction mixture in a 125 ml Erlenmeyer flask contained 3 ml of 0 3 ai 
potassium phosphate O'® at pH 7 4, 1 5 ml of 0 02 m potassium AMP at pH 7 2, 2 ml 
of 0 075 ai MgSOi, 2 ml of 2 X 10“^ ai cytochrome c, 4 ml of 0 1 ai potassium gluta- 
mate, 3 ml of 0 25 ai sucrose containing 10~^ ai EDTA, 2 ml of 0 2 ai glucose contain- 
ing 35 mg of Pabst crude hexokinase, and 2 0 ml of a washed liver nutochondrial 
suspension Shortly after addition of the mitochondria, the flask was placed m a 
bath at 37°, 2 0 ml removed for “zero time*’ Pi and Ps-O'® determinations, two 3 0 
ml aliquots placed in Warburg flasks for o\ 3 ’^gen uptake measurements, and these 
and the 125 ml Erlenmeyer flask shaken for 15 minutes The reaction was stopped 
by addition of 0 2 ml of 30 per cent trichloroacetic acid per ml of reaction mixture 
Nucleotides V ere removed bj' charcoal absorption, and O'® determinations were made 
as described in the text 


Oi uptake per ml 

Pi uptake per ml 

Atom per cent excess 0'> 

Initial P, 

Final P, 

Phosphate of 
glucose-6-phosphate* 

vifcroaloms 

limoles 





2 5 

6 0 

0 392 


0 310 

0 159 


* The value is for the three oxygen atoms that were transferred with the phos- 
phate group to form glucose-6-phosphate 


curibenzoate to mhibit the ATPase completely The maximal amount of 
incorporation attributable to the ATPase was small and much less than 
that expected if the inhibition of ATP breakdown resulted from reaction 
of ADP with a phosphorylated intermediate 
Phosphate Oxygen Exchange Accompanying Net Oxidative Phosphorylation 
—The data in Table I show the extent of exchange of the oxygens of phos- 
phate taken up and transferred to glucose in net oxidative phosphoiylation 
with glutamate as a substrate The decrease in the excess O'® of the P , 
during the incubation shows the expected extensive exchange of the oxygen 
However, the oxygen atoms transferred with the phosphate to 
form glucose-6-phosphate had considerably less excess O'® than the P , of 
the reaction medium, thus the ester phosphate was not equivalent in O'® 
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content to the P, from winch it was derived If the additional over 
exchange occuired bj’- exchange reactions of P„ locahzed at the ate c 
phosphoijdation, and thus not in equihbiium with the P, of the mediut- 
the O'® loss may be estimated to be equivalent to exchange of 3 1 owe 
atoms pel phosphate eventuallj’- appealing as glucose-6-phosphate ' 

In experiments similar to that outhned m Table I, but wnth adeno- 
monophosphate as a phosphate acceptor, the phosphate transferred to t'r 
AMP had less O'® content than the P, of the reaction medium The ah 
tional phosphate oxygen exchange in two experiments with different mi* 


Table II 

Effect of Aging Mitochondria on Exchange Reactions 
1 ml of mitochondria, prepared in 0 25 m sucrose, 10~^ m EDTA, and 0005 
glycerophosphate at pH 7 2 and aged as indicated, was added to 3 ml of a solut 
containing 37 5 /imoles of ATP at pH 7 4, 37 5 nmoles of MgCU, and 253 /imole<( 
KCl and was incubated at 30° After 5 minutes, 1 ml of a solution containing n 
nmoles of potassium phosphate labeled with P^- and O'® and 26 nmoles of KClra 
added The incubation was continued for an additional 10 minute period 


1 

Aged at 37° 

AP. 

1 

1 

Atom per cent excess O’® of P,* 

Total radioicto 
in nucltolidu* 

Observed 

Resulting from 

0 exchangef 

mn 

Itmoles 

■■■ 


cpn 

0 

4 0 




0 

2 0 




15 

8 5 


0 178 


30 

29 5 




60 

29 5 

0 249 



90 

1 

39 5 

0 241 


330 


* The atom per cent excess O'® in P, of the zero time control was 0 390 
t Decrease in atom per cent excess O'® over that caused by the P, formed dune 
the incubation 

t Total radioactivity present in the initial Pi was equivalent to 102,000 c p m 


chondnal pieparations wms equivalent to exchange of 1 6 and 3 1 o\ig'' 
atoms per P, eventually taken up and transferred to AMP 
Effect of Aging Mitochondria on Exchange Reactions — ^Incubation of 
mitochondria in 0 25 m sucrose at 37" resulted m a marked decrease m ^ 


^ This calculation is based on the use of the average O'® concentration 


of deb 


of the medium (0 351 atom per cent excess) and the relation microatoms o 
change per micromole of phosphate = 92 \ogEo/E m nhich Eo and I? are , 
and final excess O'® concentrations of the phosphate undergoing exchange 
mated number of oxj gen exchanges would be three-quarters of the calculate 
only the 3 oxj gen atoms transferred mth the phosphate group to an inter 
were considered to participate in the exchange 
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catalysis of the Op ,-1120 and the P,-ATP exchange reactions, as well as the 
expected inciease in the late of ATP hydiolysis The susceptibility of 
mitochondiia to the effects of aging vaiied with diffeient preparations, 
lesults of a typical expeiiment aie given in Table II In this experiment 
aging foi 15 minutes had little effect and aging for 30 minutes a maiked 
effect on the extent of the exchange leactions The effect on the oxygen 
exchange reaction loughly paialleled the increase in the extent of ATP 
hj'^diolysis The effect of aging on the exchange reactions may be ex- 
plained 111 pait by the accumulation of ADP and AMP, which markedly 
inhibit the exchange leactions ^ Aged mitochondiia also show a decreased 
capacity foi net oxidative phosphoiylation, and this decrease may be par- 
tially restored by ATP addition (14) 

Effect of Vanons Additions and of Anaeiobic Conditions upon Exchange 
Reactions — Table III shows the effects of vaiious additions on the amount 
of the P^^ and O'® exchange Of particular interest is the small or negligible 
effect on the exchange leactions of anaeiobic conditions or of 10“'* m cya- 
mde, with or vithout succinate piesent With oxygen uptake blocked by 
cyanide or anaeiobic conditions and with substrate present, the electron 
carriers should be neaily completely leduced (16) The small decrease 
m the exchange produced by evacuation of and admission of air probably 
reflects damage to mitochondria ivhich lesults from slight frothing during 
the evacuation The effect of an increasing concentration of cyamde on 
the amount of exchange between P,®® and ATP is shown m Fig 3 Cya- 
mde at 10'^ M, sufficient for neaily complete inhibition of cytochrome oxi- 
dase, had little effect on the exchange lates Higher concentrations of 
cyanide produced some inhibition However, the mhibition did not in- 
crease mth increase in cyamde concentration in the manner that would 
be anticipated if only one leactant vere affected The lesults suggest 
that at least two distinct pathu ays exist for the exchange, one of ivhich is 
cyamde-sensitive while the other is relatively insensitive to cyanide in- 
hibition 

Requirement of ATP for Oxygen Exchange Reaction — The data m Table 
IV illustrate the dependence of the P , oxygen exchange reaction upon the 
addition of ATP when mitochondria are incubated in the presence of low 
2,4-dimtrophenol concentrations Calculations of the amount of the ex- 
change reactions m the presence of the 2,4-dimtrophenol are subject to 
possible error because of the relatively rapid formation of P , from ATP , 
the data are thus repoited only as atom per cent excess O'® and total radio- 
activity of the nucleotides The first three experiments are controls for 
zero time and for incubation without 2 , 4-dimtrophenol added, the ex- 
changes proceeded m the expected manner When 2 , 4-dmitrophenol was 
present and ATP was not added, the oxygen exchange reaction was abol- 
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ished inthm e\perimental error The presence of ATP, added eilhcr h 
fore or 5 minutes after the mitochondria, partially restored both the Of 
HoO and P,-ATP exchange reactions 

Table III 

Effect of Reaction Conditions on 
Exchange Reactions 

The reaction tubes contained, per ml , 7 5 ;imoles of ATP, 7 5 /imoles of MgC 
15 /imoles of Pj, 0 2 ml of rat liver mitochondria m 0 25 si sucrose, 10"' M EDTf 
0 005 SI yS-glycerophosphate, pH 7 2, and sufficient KCl to make the final osmolar; 
equal to 0 25, plus additions as indicated The reaction mixtures, which lacked o ' 
the Pi”-0‘®, were preincubated 5 minutes, at which time the P,’2.o>s wras add 
The completed samples were incubated for 10 minutes at 30° and pH 7 2 to 7 4, sfl 
which an equal volume of 5 per cent trichloroacetic acid was added to terminate 
reaction The P” present in the nucleotides and the O'® in the Pi were detcrmicd 
on appropriate aliquots 


Conditions i 

Specific radio 
activity in 
nucleotides as 
per cent of 
aerobic control 

DccruK L 
atom pti ce 
excess O’t’ 
PidielJ 

Aerobic control 

100 

0 2G(‘ 

KCN, 0 1 /imole per ml 

103 


“ 0 1 “ “ “ 

109 

0 2o0 

“ 0 1 “ “ “ sodium succinate, 10 /imoles per 

ml 

102 


KCN, 0 1 ;imole per ml , sodium succinate, 10 /xmoles per 
ml 

97 i 

0 279 

Sodium citrate, 1 /imole per ml 

160 


“ pjTophosphate, 1 /imole per ml 

73 


" phosphite, 10 ;umoles per ml 

89 


“ “ 34 “ '< •< 

56 

i 

“ phosphate, 34 “ <« -j- 

60 


Sucrose, 700 ;imoles per ml 

0 


p-Mercuribenzoate, 0 1 nmole per ml 

28 


Aerobic control 

100 

0 607} 

Anaerobic control (evacuated, air readmitted) 

82 

(t 

! 83 

0 5S7 

“ sodium succinate, 10 nmoles per ml 

85 

0 CSl 


* The atom per cent excess O'® in P, of zero time control was 0 412 
t In excess of the normal amount present, 15 /xmoles per ml 
{ The atom per cent excess O'® in P, of zero time control was 1 19 


Accoidmg to the data in Table V, the oxygen exchange continues m 
absence of added ATP if 2,4-dinitiophenol is not present By 
short peiiods, the exchange occuning in the absence of added m 
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abolished and subsequently partially lestoied by the addition of adenosine 
tiiphosphate 

The nntochondiia incubated ivithout substiate and ATP, but in the 
presence of 2,4-diiutiophenol, would be expected to be depleted of their 
supplies of “Ingh eneigy” phosphate compounds These results thus give 
further evidence foi the dependence of the P, oxygen exchange reaction on 
a souice of high eneigy phosphate 



Fig 3 Effect of KCN on the Pi’^-ATP exchange Potassium phosphate (10 9 
Aimoles) labeled -with P^^^as added to a mixture (incubated for 4 minutes) which con- 
tained 5 /imoles of ATP, 6 8 pmoles of MgCb, varying amounts of KCN, and 0 2 ml 
of rat liver mitochondria in 0 25 m sucrose and 10~^ m EDTA The sample (final 
volume 1 ml ) was incubated for an additional 10 minutes at 26°, and the reaction 
was terminated by addition of 1 ml of 5 per cent perchloric acid The P^^ present in 
the ATP was determined on a suitable aliquot 

Possible Catalysis of Oxygen Exchange by Molybdoflavoprotein — The re- 
ductiou of cytochrome c by aldehydes m the presence of aldehyde oxidase 
has been shown to require the addition of P, and M 0 O 3 (16) The require- 
ment for P, might conceivably reflect the transient formation of an un- 
stable phosphate compound which was cleaved by water but which, in the 
intact cell, could act as a donor of high energy phosphate This possibihty 
was checked m an experiment in which 11 7 jumoles of cytochrome c were 
reduced m the presence of 50 pmoles of P, and of H 2 O contaiiung 1 0 
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atom per cent excess O’® ® No incorporation of water ovj^gcn into tf» 
P, Tas detected 

Phosphate Otrjgcn Exchange Intact Oigamsms — ^If the lapid Op, -Ho 
exchange occurs m intact ammals, O’® administered as H 2 O should appc„ 
in the inorganic phosphate and otlier phosphate compounds Pliospb* 
compounds ma}'- also derive oxygen from substrates in various coiip\,j 

Table IV 

Requtrcmenl of ATP for Oxygen Exchange Reaction 
in Presence of S,4-Etmirophenol 

The reaction Mas initiated by adding 1 ml of Mashed rat liver mitochondria f 
0 25 M sucrose, 10~< m EDTA, and 0 005 m /3-glj cerophosphate at pH 7 2) to n •) 5 n. 
mixture at pH 7 3 containing 37 5 /^moles of MgCls, 75 ymolea of potassium pho'-ph ■ 
labeled Mutli and O'®, KCl sufficient to make a final osmolantj' of 0 25, nnd ll> 
amounts of 2,4-dinitrophenol and ATP as indicated Incubation Mas at 30°, 3-’ 
the reaction Mas terminated by addition of trichloroacetic acid 


2 , 4 -Dmltro- 

phenol 

ATP 

Tune 

APi ! 

1 

Atom per cent excess 

O'® m Pi 

Tola) nX 
actnil} 1 
nucltoli'a' 

Observed 

a resulting 
from 0 
exchange’ 

n X 10* 

nmoles 

mtn 

i 

nmoles 



cf" 

0 

37 5 

0 

0 i 


0 

0 

0 j 

37 5 

5 

2 2 




0 1 

37 5 

10 

5 5 

0 071 


HH 

2 7 1 

0 

5 


0 343 

WBk 

2S 

2 7 

0 

10 


0 349 i 


1 2S 

2 7 

37 5 

5 

14 4 

mmm 

WBi 


2 7 

37 5 

10 

27 5 

WBBm 

0 0S3 


2 7 

37 5 added at 

10 

16 5 


0 044 

S73 


5 min 



1 0 239 j 


- 


* Decrease in atom per cent excess O'® over that resulting from aP, during incubj 


tion 

t The total radioactivity present in the Pi added Mms 39,200 c p m 

reactions (17) However, such exchange would be expected to be san'-j 
compared to the exchange vnth water According to these expectation 
the acid-extractable inorganic phosphate and labile organic phosplial^ 
fractions of the liver and muscle from a rat ivhich n eighed 240 gm , "‘O' • 
had imbibed approximately 17 gm of O’® vater (1 0 atom per cent 

® This experiment Mas made possible through the cooperation of Dr Fred 
and Dr Joseph Glenn, Institute for Enz3'^me Research, University of Wisconsin, 
kindly earned out the c^tochrome reduction Mith aldeh}de oxidase piirific a 
EnzjTOe Institute 
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0*®) over a 6 lioui peiiod, contained fiom 0 06 to 0 09 atom per cent 
excess O'® 

Exchange of phosphate oxygens with those of water does not occur in 
phosphate tiansfei leactions associated with glycolysis (3, 9, 18) Thus, 
if the Opi-HoO exchange found with rat liver mitochondiia and intact rats 
results fiom reactions associated vith oxidative phosphorylation, then such 
exchange might be expected to be absent m an organism which lacks the 

Table V 

Requirement of Added ATP for Exchange Reactions 
with Aged Mitochondria 

1 ml of mitochondrial suspension, prepared as previously described and aged as 
mdicated, was added to 3 ml of a solution containing 37 5 ;umoles of ATP, 37 5 ^moles 
of MgCl", and 253 ^moles of KCl at pH 7 4 and incubated at 30° After 5 minutes 1 
ml of potassium phosphate solution (pH = 7 3) containing 75 /imoles of phosphate 
labeled with and 0*® and 26 /imoles of KCl was added, and the incubation was 
continued for an additional 10 minutes 


Expert 
ment No 

Mitocliondna 
aged at 37° 

Conditions 

APi 

Atom per cent excess 
0'« in P,* 

Total radio- 
activity in 
nudeo tides! 

Observed 

Decrease 
resultmg 
from 0 
exchanget 


mxn 


nmoles 



c pm 

1 

0 

Complete system 

3 9 

0 724 

0 391 

11,500 


0 

No ATP 


0 904 

0 269 

65 

2 

0 

Complete system 

5 2 

0 128 

0 231 

7,130 


15 

<< ii 

11 0 

0 199 

0 135 

4,600 


15 

No ATP 


0 240 

0 125 

77 


30 

Complete system 

22 5 

0 176 

0 119 

2,230 


30 

No ATP ! 


0 372 

0 005 

0 


* The atom per cent excess O'® of P, in zero time control was 1 173 for Experiment 
1 and 0 383 for Experiment 2 

t This represents a decrease in atom per cent excess O'® over that caused by AP , 
during incubation 

t The total radioactivity of the Pi added was 39,400 c p m 

reqmsite enzymes for oxidative phosphorylation As a test of this pos- 
sibihty , measurement was made of the phosphate oxygen exchange wnth a 
nucroorganism, Leuconostoc mesenteroides P-60, which is incapable of oxy- 
gen uptake and which derives its energy from glucose breakdown to lactic 
acid, ethanol, and CO 2 

To find out whether exchange occurred between Pi oxygen and water 
oxygen, cells were grown in a medium contaimng H 2 O'® and were harvested, 
and the O'® of the trichloroacetic acid-extractable phosphate was deter- 
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mined The results of such an ev-penment (Table VI) show tint little c 
no exchange of the oxygen of the cellular phosphate with 0x3 gen of 
had occurred 


DISCUSSION 

The continued net formation of ATP from P , and ADP coupled t 
electron transport must involve loss of an oxygen from the P , or VDP 
form water either directly or through one or more intermediates Tin 
reversal of the formation of ATP by such reactions could lesult in ther 
corporation of water oxygen into the P, or ADP Present informatio 
defimtel}’’ points to the explanation that the rapid exchange of P, o\'\gi'> 
with water ox3’’gen as described herein results from the reversal of one,t 
more than one, of the phosphate uptake reac^tions of oxidative phosphonl 
tion TBased on the validity of this explanation, tne conclusion mai t 
reached that the phosphate uptake reaction or reactions concerned arsr 


Table VI 

Lack of Exchange of Phosfhaie Oxygen 
vnih HiO tn L mesenteroides P -60 


Eipenraent No 


1 

2 


HsO 


1 19 
1 19 


Atom per cent excess O'* 


Phosphate 


<0 10 
<0 05 


a d3’naimc state in both the presence and the absence of net oxidative pto- 
phorylation In addition, the folloivmg characteristics of the proccso 0 
the oxidative phosphorylation concerned would appear highly lAel} (fl’ 
the formation of ATP does not occur by a direct reaction of P , vdt ID 
but involves at least two steps, (b) the first step, w'hich is responsible k 
the phosphate oxygen exchange reaction, involves direct or eventual fornn 
tion fiom either ADP or P, of an intermediate which does not contaiiifl-i 
the oxygens associated with the imtial APP or Pd® 
exchange reaction is not coupled directly to oxidation and reduction f 
electron earners Therefore, electron carrier oxidation results in the forn'- 

'This IS an important distinction from alternative suggestions in nbich thcL 
mediate precursor to ATP would retain all the oxygens associated mth 
P, or ADP, direct formation of ATP from such a precursor would necessitate ^ 
Pi-ATP exchange be equal to or greater than the Opi-HjO exchange 
incorporation into intramitochondrial reactants suggest that it is Pi au n 
w hich initially loses its oxj gen (19) 
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tion of a “high eneigy” compound oi state prior to the foimation of an 
intei mediate fiom moiganic oithophosphate oi adenosine diphosphate In 
the following discussion the results aie considered which support these 
statements 

Observations winch suggest that the rapid exchange of with ATP 
and of phosphate oxygen with w^ater oxygen, as described herein, results 
from the dynannc reversal of a phosphate uptake reaction or reactions of 
oxidative phosphorylation follow The rapid oxygen exchange has been 
found to occur only with piepaiations capable of rapid net oxidative 
phosphorylation, both exchange leactions aie sensitive to knoivn inhibitors 
of oxidative phosphorylation, particularly 2,4-dimtiophenol, the aging of 
mitochondria has a deleterious effect on the exchanges, analogous to its 
effect on net oxidative phosphorylation, the exchange reactions depend on 
the availahihty of high energy phosphate No other known reactions 
offer as simple an explanation of the observations as does the reaction just 
described 

Evidence that at least two steps are involved in the formation of ATP 
from Pi and ADP comes from the much greater rate of the Op.-HjO ex- 
change than the P,-ATP exchange, clearly this would result if the steady 
state rate of a reaction responsible for the replacement of an oxygen of a 
phosphate compound w^as more rapid than that of the over-all reaction re- 
sponsible for the incorporation of P , into ATP However, it must be recog- 
mzed that the difference in exchange rates undoubtedly reflects m part 
the relative rapidity with which the P, and the ATP of the medium ex- 
change wuth that of the mitochondria Compartmentalization of ademne 
nucleotides and of P, m the rmtochondria has been demonstrated by other 
workers, particularly Siekevitz and Potter (20) The observation, that 
the phosphate which is transferred to AMP or glucose in net oxidative 
phosphorylation contains less 0^® than does the P, of the medium, could 
logically result from compartmentalization of the P, or the ADP in the 
mitochondiia Intramitochondrial P, or ADP at the site of phosphate 
uptake could undergo several oxygen exchanges wath w^ater before appear- 
ing finally in the ATP, leaving the mitochondria 

The rapid interchange of P, with the phosphates of ATP, as observed 
in these experiments, probably requires that the energy derived from a 
splitting of the ATP be retained in some manner foi the reincorporation of 
the P, Retention of the energy by formation of an intermediate with 
ADP or AMP (e g an enz 5 Tne-ADP or enzyme-AMP) wmuld explain the 
exchange data obtained with P^^ but not with 0^® The O'® exchange re- 
quires that any intermediate contaimng the ADP, the AMP, or the phos- 
phate moiety from the ATP must be reversibly cleaved by either HjO or 
an oxygen compound which m turn derives its oxygen from H 2 O The 
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energy for reformation of the phosphor54ated intermediate does not 
to be pieserved reduction of the electron earners Reaction coiuiitic 
leading to nearly complete reduction of the election cauieis, and (licrcfoe 
to tlie lack of potential election acceptois, did not deciease the amount c 
Qis or exchange These consideiations support the suggestion that tb 
energy is preserved as a high eneigy compound oi state invoh mg ncitl . 
P, nor the adenine nucleotides, and that the foimation of such an energt! 
piecursor to P, uptake may be coupled to election tiansport during r 
ox^^gen uptake 

RecentR’', Cohn and Dij'-sdale (4) have presented valuable endencctli: 
in oxidatn e phosphoi3dation ivluch accompames jS-hydioxybutjmate oiid' 
tion, phosphate undeigoes additional oxygen exchange aftei the inii'J 
uptake leaction They suggested the participation of an intermcdiaV 
V Inch supplies its oxygen to the phosphate of ATP, the ox3^gen of tL 
intermediate ei'^entuall3'- being replaced by the oxygen of water Hot 
ever, consideration of more recent findings leads to the conclusion thattl 
simplest explanation foi the lapid exchange of phosphate o\3'geii inib 
water oxygen is as given previously (1), namel3'- the reveisal of P, up! A’ 
reaction oi reactions of the ovei-all process of oxidative phosphorylation 
The recent repoit of Siekevitz and Potter (21) on the concentrations d 
mtramitochondiial nucleotides suggests that an alternative explanation of 
Cohn and Di3'’sdale’s findings should be considered Calculations from 
the data of Cohn and Dr3^sdale (4) show that the lequisite moles of tb 
postulated intermediate w^ould be i oughly 20 times the total number of 
moles of ademne nucleotides from the mitochondria used Adenine nii 
cleotides are a majoi constituent among the acid-ex tractable component 
from mitochondria (21) Thus, even if the intei mediate iveie present m 
amounts equivalent to the adenine nucleotides, there would be insufiicien 
to account foi the ox3'-gen supplied to the ATP One alteinatiie po^i 
biht3^ is that components added to the reaction medium participate in tl? 
exchange This is made plausible by the finding that the formation oi 
acet3d coenz3Tne A is accompamed by transfer of an ox3’’gen from tb 
acetate carbox3d to the phosphate of the AMP formed from ATP (b) 
The /3-h3'’drox3'^butyiate tluokmase reaction very likely proceeds intb 
gen transfer analogous to the acetate tluokmase reaction Thus 
from the Aj\IP phosphate and from the /?-hydi oxybutyrate carbowl 
inter mix w ith othei phosphate oxygens and appeal m the phosphak < 
the ATP as a result of a d3mamic state of the thiokinase i eaction " 
acts togethei w ith reactions wRich form ADP and ATP from 
monophosphate ^ Exchange of phosphate ox3'’gen w ith oxygens of iicr 

^ A dj namic state of the /3-hj droxj'butj rate thiokinase reaction would deW ^ 
that intramitochondrial P 3 rophosphate e\change rapidl}' with the ternun 
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watei oxygen could thus be expected to occui in the eaily part of the in- 
cubation 

The data presented heiein aie also peitinent to the use of the incoip ora- 
tion of into ATP as a quantitative measuie of net oxidative phos- 
phoijdation (22, 23) Although lesults which have been reported with 
the use of such techniques may be valid because of suppression of the 
exchange leaction undei the conditions used, the quantitative measuiement 
of net oxidative phosphoiylation by P,^- incorporation should be under- 
taken with caution The maiked inlubition of the exchange reaction by 
AMP and ADP may account foi the lack of incorporation in many experi- 
ments made without added substrate The piesence of hexokinase or of 
ATPase togethei with adenylate kinase would favor formation of ADP 
and AMP from ATP However, when substrate is piesent, attainment of 
relatively lugh ATP concentrations could quite conceivably lead to appre- 
ciable exchange of P, with the phosphates of ATP and thus erroneously 
high “P 0” latios, measurement of the amount of exchange vuthout added 
substrate may thus not form a satisfactoiy control From data reported 
m this papei, it is clear that, vith appropriate conditions, P 0 ratios 
approaching mfimty could be obtained with the use of the extent of in- 
corporation of Pi^2 into adenosine tiiphosphate as a measure of oxidative 
phosphorylation 


StJM]\tA.RY 

A rapid exchange of inorganic phosphate-P®^ with the phosphate groups 
of ademne nucleotides and an exchange of phosphate oxygens vuth those of 
water are catalyzed by liver mitochondria m the absence of added sub- 
strate and oxygen uptake Some 15 to 20 phosphate oxygen atoms ex- 
change for each exchange of inoigamc phosphate with the ademne nucleo- 
tides of the medium Both exchanges are inhibited by low concentrations 
of 2,4-dimtrophenol The P^^ exchange does not result from the action of 
ATPase and does not occur with undine triphosphate or mosme triphos- 
phate in place of adenosme triphosphate 

The presence of anaerobic conditions or of 10“^ m cyamde, with or with- 
out added succinate, has httle effect on the extent of both exchange reac- 
tions The incubation of mitochondria at 37° for short periods with 2,4- 
dimtrophenol or for longer periods without 2,4-dimtrophenol results m a 
loss of abihty to catalyze the oxygen exchange, the addition of ATP par- 
tially restores the exchange 

phate of ATP Support for this possibility comes from the recent finding (19) that 
PJ rophosphate of the reaction medium may exchange rapidly with the terminal 
phosphate of ATP m the presence of mitochondria 
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Phosphate vhich is taken up in oxidative phosphorylation and i\hicln 
transferred to glucose oi to adenylic acid shovs a more extensuc oxNgt 
exchange than does the inorganic phosphate of the medium 
Phosphate oxygen exchange occurs readily in the mtact rat, but no a 
change between the oxygens of water and those of phosphate was detccici 
vith Leuconosloc mesenteroides P-60 
The data suggest that both exchanges result from the dynamic reierJ 
of the phosphate uptake and transfer reactions associated vath the oiMj 
process of oxidative phosphorylation, that at least tvo steps are imoluJ 
in the formation of ATP, the first of which is responsible for the o\}gu 
exchange reaction, and that energy derived from oxidation of electrr 
earners of ATP cleavage can be preserved in some manner othei thanius 
compound n hich is derived from ademne nucleotides or inorganic phn' 
phate 
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METABOLIC INHOMOGENEITY IN RIBONUCLEIC ACID 
PHOSPHORUS OF PARTICULATE FRACTIONS 
OF LI'\^R=^ 

By JACOB SACKS and KUMUD D SAMARTHf 

{From the Department of Chennstry, University of Arkansas, 

Fayetteville, Arkansas) 

(Received for publication, March 8, 1956) 

Theie is abundant e^^dence of intracellular inhomogeneity in the turn- 
over of the phosphorus component of hvei iibonucleic acid (RNA) Sev- 
eral investigators (1-4) have shown that the P of nuclear RNA has a 
much Ingher turnovei late than the P of cytoplasmic RNA Smelhe et al 
(5) have carried the aual 3 ^sis furthei and shown that the turnover rate of 
the P of the cytoplasmic soluble RNA has a higher turnover rate than does 
the P of RNA of mitochondria or microsomes However, withm each 
particulate fraction, the turnover rates of the P of the mdividual mono- 
nucleotides showed only very minoi differences Smelhe et al isolated the 
four mononucleotides aftei hydrolysis of the RNA by the Schmidt-Thann- 
hauser (6) procedure and found them to have practically equal specific 
activities Moldave and Heidelbergei (4) used ribonuclease to separate 
the RNA isolated fiom liver particulate fractions into a dialyzable fraction 
and a non-dialyzable core resistant to the action of this enzyme In livers 
isolated from ammals that had been injected with P^^-phosphate, orotic 
acid-6-C-14, or glycme-2-C-14, the specific activity of the dialyzable por- 
tion was 2- to 3-fold that of the resistant core 
Experiments have been reported from this laboratory (7) in which the 
total RNA of livers removed from ammals previously injected with P^^- 
phosphate was subjected to fractional degradation by tieatment with suc- 
cessive portions of a 5 pei cent solution of trichloroacetic acid (TCA) at 
room temperature The mono- and oligonucleotide fractions separated 
from the water-soluble products by ion exchange chromatography were 
found to show a vude range of relative specific activities The variations 
m specific activity were greater than those between nuclear and cyto- 
plasmic RNA reported by Smelhe et al (5) The possibility could not be 
ruled out that the fragments of highest specific activity were derived from 
nuclear RNA and those of lowest specific activity from some cytoplasmic 
portion Experiments were therefore carried out in which the particulate 

* Work performed under contract AT(40-1)-1521 between the United States Atomic 
Energ}'^ Commission and the University of Arkansas 

t On leave from the Indian Cancer Research Centre, Parel, Bombay, India 
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fractions of liver veie separated by diffeiential centrifugation, the 
each paiticulate fi action subjected to the fi actional degradation bi TC\ 
and the pioducts sepaiated by ion exchange chromatogiaphy Qmv 
marked differences m the turnover rate were found, although the e\treir 
neie somenhat less than those in the previous experiments Withmc:^! 
particulate fraction, at least a lO-fold range was found between the high- 
and the Ion est specific activities 


EXPERIMENTAL 


The experiments were carried out on rats and rabbits 2 hours aftc 
tlie injection of the tracer phosphate, the liver was excised under anc 
thesia and immediately plunged mto a large volume of ice-cold 02a' 
solution of sucrose Each rabbit hver was worked up separately, the liii 
of four 1 ats n ere pooled The livers were cut into small pieces and the bul 
of the erythroc 3 des was washed out by repeated shaking with the ice-co'J 
sucrose solution The rabbit livers were squeezed through stainless sfa’ 
screens and then homogemzed for 2 minutes in a Potter-Elvehjem honio^ 
enizer mth a Teflon pestle The rat livers were homogemzed iiithout tb 
prehrmnarj^ passage through the screens These operations and the sub- 
sequent centrifugations were carried out m a cold loom maintained a* 
1-2° or in a refrigerated centrifuge operating at this temperature Tl.’ 


homogenate was centrifuged at 150 X g for 10 minutes, the residue agii" 
homogenized foi an additional 2 minutes, and again centrifuged at loO X 


g This residue was shaken with a small portion of the sucrose solutioi 
and again centrifuged at 150 X g This procedure left behind a considtr 
able amount of cell debris and erythrocytes and also involved the lo'i e 
some hvei cell nuclei The supernatant fluids from the centrifugations s! 
150 X q were layered over a 0 34 m sucrose solution, as described fc' 
Hogeboom ei al (8), and centrifuged at 900 X g for 10 minutes to isolate 
the nuclear fraction Sufficient 1 m CaCb solution was added to the coir 
billed supernatant fluids to give a concentration of 0 0018 M (8), and ft ^ 
was then centrifuged at 8500 X g for 20 minutes to give the nutochondn' 
fraction The nucrosomes were separated by centrifugation for 30 minutf 


at 25,000 X p (5) , 

Each sediment was suspended in a small volume of 0 25 M sucroic so ^ 
tion, and to these and to the cytoplasmic soluble fraction was added cnou ^ 
50 per cent solution of TCA to give a final concentration of 10 
Separation of the acid-soluble P and fractional degradation of the 
with TCA were carried out as m the previous experiments on 
(7) The removal of TCA, adsorption of the nucleotide 
umns of Dowex 1 anion exchange resin, and elution of the iiucleod 
tions were made as before, with one modification The ion c\cfi'ing‘- 
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umns were jacketed, and A\ater at 1-3° was ciiculated through the jackets 
during the entne elution peiiod This was done to nrmimize any hy- 
drolj’^sis of oligonucleotide fi actions duiing the elution in the hope that the 
oligonucleotide fi actions isolated would be more clearly defined entities 
than nas the case in the pievious e\peiiments The eluents used were 
those of Cohn (9) foi the mononucleotides 0 001 k HCl for cytidyhc acid, 
0 002 N HCl foi adenylic acid, 0 003 n HCl for uiidylic acid, and 0 005 n 
HCl foi guaiiyhc acid These were followed by 0 01 n HCl, 0 01 n HCl 
plus 0 05 M NaCl, 0 01 n HCl plus 01 m NaCl, and the columns were 
finally stripped mth 2 n HCl The sepaiate fractions obtamed were 
treated as previously foi the isolation and determination of P and for the 
pieparation and counting of the samples In most cases the amount of P 


Table I 

Degradation of Particulate Fractions of Rabbit Liver RNA by 6 Per Cent 
Trichloroacetic Acid Solution 

Each extract as made up to 100 ml after removal of TCA and the optical density 
IV as determined at 260 and 280 m/i 


Extract 

No 

Duration 

Nuclei 

Mitochondna 

Microsomes 

Cytoplasmic soluble 

extraction 

260 m/i 

2S0 mil 

260 mil 

280 mil 

260 mpi 

280 mil 

260 mil 

280 mil 

1 

hrs 

2 

0 095 

0 062 

0 250 

0 145 

0 40 

0 250 

1 45 

0 80 

2 

24 

0 755 

0 455 

4 10 

2 30 

5 50 

3 05 

2 25 

1 40 

3 

24 

0 60 

0 40 

2 55 

1 45 

4 10 

2 35 

2 0 

1 10 

4 

48 

0 205 

0 145 

0 540 

0 300 

0 263 

0 143 

0 920 

0 550 


present v as sufficient for determination by the method of Fiske and Subba- 
row (10), but in some cases, particularly those representing fractions of 
nuclear RNA, the total quantity of P present was so small that recourse 
to the method of Berenblum and Cham (11) was necessary 

RESULTS AND DISCUSSION 

The fractional degradation of the RNA of each of the particulate frac- 
tions 5uelded results comparable to those obtamed on whole liver In 
each case the first extraction, for 2 hours, yielded a relatively small amount 
of material, and the largest amount was found in the second extraction, for 
24 hours Only m the case of the cytoplasmic soluble RNA did the first 
extraction yield enough nucleotide material for further fractionation by 
ion exchange procedure Table I presents the data on the amounts of 
nucleotide material obtained fi om the liver of a rabbit 
Well defined peaks in the elution pattern coriesponding to cytidyhc 















426 


METABOLIC INHOMOGENEITY OF RNA-P 


acid in ratio of optical densities at 280 and 260 mju n ere obtained 
c\ery extract subjected to ion exchange chromatography A few j>v 
corresponding to each of the othei mononucleotides i\eie obtained O'. 
sionally Also, as in the earlier woik on whole hvei, the nucleotide ni s 
rial eluted with anj^ particulai eluent did not necessaiily have a coni„ 
composition v ith respect to ratio of optical densities at 280 and 2(50 1 
In the last portion of the RNA lendered soluble by the treatments’ 
TCA, the amount of P obtained by wet ashing of the cytidjdic acid fr. 
tion vas many times that calculated from the optical density TIimi 
cess P probably lepiesents the substances which Smelhe et al (5) found 1 
sepal ation of the pioducts of their Schmidt-Thannhausei digests by pij* 
electrophoresis Two spots on the radioautogi aphs of this material shout 
no absorption in the ultraviolet region No such excess of P was fou^’ 
in any fractions of the nuclear RNA 

The radioactivity data from a smgle experiment on a labbit are sIiok 
in Table II, and those from a pool of four rat liveis are shown in Tabic 111 
In the latter experiment, the cytoplasmic soluble mateiial was not pn- 
essed In this experiment, as m the others on lat hveis, the total nud 
tide material present in any one TCA extract of nuclei was too small h 
satisfactory lesolution by the ion exchange resin The total extract lu 
therefoie wet ashed for conversion to orthophosphate and preparation c' 
the samples for counting 

It IS evident that there is a fairly wude lange in the specific actnitic^c 
the portions of nucleotide material isolated fiom any one particulate ffj' 
tion, and wuthin the degiadation pioducts rendered soluble by one trea' 
ment with TCA Within any one particulate fraction, except for ll 
nucleai RNA from lat liver, the lange of specific activities is greater tb 
that found by Moldave and Heidelberger (4) between that portion liuln 
lyzed by ribonuclease and the enzyme-resistant core The present e\p'n 
ments therefoie emphasize their conclusion of a metabolic inhomogenp»^ 
wuthin the RNA of any particulate fraction of liver These data also 
that the x^ery high degree of metabolic inhomogeneity that was pronon > 
reported for the RNA of w^hole liver (7) cannot be explained on the b- 
of high specific actixuties of fragments derived from nuclear RNA an 
specific activities of fragments of cytoplasmic origin 

The present findings call for a leinteipretation of the lesults o 
ments m xvhich the specific activity of the entire nuclear RNA-P ” 2 '’ f ^ 
pared w ith that of entire C 3 ’'toplasmic RNA-P or wnth that of t ^ ^ 
RNA-P of any cytoplasmic particulate fraction On the basis 
experiments, Marshak and Cahmt (2) and Jeener and Szafarz , 

that nuclear RNA wms the precursoi of cytoplasmic RNA 
Smelhe et al (5) are considered by them not to pieclude such an m g 
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tion but to indicate that, if such a tiansfer of RNA from nucleus to cyto- 
plasm does take place, it is not by simple diffusion 

Table II 

Relative Specific Activities of P from Fragments of RNA of 
Particulate Fractions of Rabbit Liver 


Liver of rabbit excised 2 hours after injection of P’^-phosphate The values are 
in terms of counts per minute per mg of P, calculated to a basis of 10® c p m injected 
per kilo of body v eight 


Extract 

No 

Nuclei 

Mitochondria 

Microsomes 

Cytoplasmic soluble 

1 

3595 (t) 

780 (<) 

108 (t) 

31 (a) (Cyt ) 

11 (d) 

24 (e) 

269 (f) 

39 (g) 

40 (h) 

2 

96 (a) (Cyt ) 
140 (e) 

149 (f) 

84 (g) 

116 (h) 

144 (a) (Cyt ) 

29 (d) 

19 (e) 

40 (f) 

34 (g) 

10 (h) 

44 (a) (Cyt ) 

187 (d) 

16 (e) 

30 (f) 

32 (g) 

10 (h) 

25 (a) (Cyt ) 

28 (6) (Ad ) 

18 (c) 

23 (d) 

27 (e) 

45 (f) 

32 (g) 

23 (k) 

3 

52 (t) 

73 (a)* (Cyt ) 

53 (c) (Urid ) 

22 (e) 

64 (f) 

31 (k) 

10 (o) (Cyt ) 

46 (b) 

27 (c) 

37 (d) (Guan ) 
172 (f) 

16 (h) 

21 (a)* (Cyt ) 

23 (c) 

24 (e) 

10 (/) 

45 (h) 

4 

47 (0 

39 (t)* 

41 (0* 

39 ( 0 * 


The letters in parentheses signify the eluent with which this fraction was ob- 
tained (a) 0 001 N HCl, (6) 0 002 n HCI, (c) 0 003 N HCl, (d) 0 005 N HCl, (e) 0 01 N 
HCl, (/) 0 01 N HCl plus 0 05 m NaCl, (g) 0 01 n HCl plus 0 1 m NaCl, Qi) 2 n HCl, 
(0 entire extract, not fractionated Cyt , cytidyhc acid. Ad , adenylic acid, Guan , 
guanyhc acid, Urid , uridylic acid 

* Signifies presence of non-nucleotide P 

Such an mterpretation would be reasonable if it could be shown that the 
turnover rate of all parts of the molecule of ENA within the nucleus were 
higher than the obseived turnover rate of all parts of the RNA vuthin any 
cytoplasmic particulate fraction, or withm the cytoplasmic soluble RNA 
The requisite condition for such a showmg would be that, during the using 
phase of specific activity of nuclear RNA, no portion of any cytoplasnnc 
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RNA should be found AMth a higher specific actmty than any fingrr 
of nuclear RNA Smellie ci al (5) found that the specific actniti oir 
clear RNA leaches a maximum 30 hours aftei the injection of the Irr 
phosphate In the present experiments, the liveis neie excised 2 hr 
after the uijection of the tiacer Since some fragments of mitocliondn, 
nucrosomal, and endoplasmic soluble RNA in the present expenments w 
found to have specific activities appreciably higher than some fragraf j 


Table III 

Relahve Specific Activities of P from Fragments of RNA of 
Particulate Fractions of Rat Liver 


Pooled livers of four rats, excised 2 hours after injection of P’°-phosplinfe r 
values are in terms of counts per minute per mg of P, calculated to a bisis of I 
c p m injected per kilo of body weight 


1 

Estract No 

1 Nuclei 

Mitochondna 

Microsomcs 

1 

— 


308 (0 

2 



6S (a) (C\tl 




33 (e) 




41 (f) 



1 20 (h) 

23(f) 




48 CO 




157 (g) 




1 28 (h) 

3 

537 (t) 

31 (e) 

\ 42 (e) 



66 (/) 

95 CO 

1 


32 Cf) 

115 (g) 

1 


68 (9) 

31 (h) 



32 (A) 


4 

542 (t) 

1175 (i) 

755 (0 


The letters in parentheses and the abbreviation have the same significance J- ‘ 
Table II Cj't = cj^tidylic acid 


of nuclear RNA, it is evident that nucleai RNA cannot be the diA 
precursor of the phosphate groups of cytoplasmic ENA Whether 
same situation holds for de novo synthesis of the purine and pyrimidine h-' 
remains to be established by appropriate experiments vith C'^4abclc f 
The data of Moldave and Heidelberger (4) suggest that siift 


cursors 


also the case Certainly, vnth respect to tui novel of phosphate group ^ 
IS clear that this process takes place mdependently vutliin the iiudcu'’ ' 
vuthin each of the particulate fractions m the cytoplasm 
great variations in the turnover rate of different portions of t 
macromolecule, vuth the average rate in the nucleus being miic 
than the average rate in mitochondria, imcrosomes, or cytoplasmic * 
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RNA Thefailme of Smellie ei aZ (5) to obtain a simple precursor-product 
relation in the time-couise of specific activities of nuclear and cytoplasmic 
RNA can be accounted foi by the piesent findings The combination of 
the lapid fall in specific activity of the intracellular acid-soluble P with 
time, the high tui novel rate of a poition of the nuclear RNA, and the 
gieat differentials m tuinovei late within nuclear and cytoplasmic RNA 
all combine to make such a simple i elation improbable 

SUMMARY 

1 The iibonucleic acid (RNA) of the paiticulate fractions of liver of lats 
and labbits pieviously injected with tracer phosphate has been subjected 
to fractional degradation with dilute trichloioacetic acid solution at room 
temperature 

2 The water-soluble fragments resultmg from such treatment of any one 
particulate fraction have been found to show wide ranges in turnover rates 
of their phosphate groups 

3 Some fragments of RNA from mitochondria, microsomes, and cyto- 
plasmic soluble RNA were found to show higher turnover rates than some 
fragments of nuclear RNA 

4 The data obtained indicate that turnover of RNA phosphorus takes 
place mdependently m each of the particulate fractions, and that nuclear 
RNA IS not the direct precursor of the phosphate groups of the RNA of the 
cytoplasmic particulate fractions 
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With the Technical Assistance or Barb\ha Russell and Ruth Miller 

{From the Department of Medicine, University of Washington Sehool 
of Medicine, Seattle, Washington) 

(Received for publication, March 8, 1956) 

Comparatively little is known about the interference m actions and 
metabolism of hormones by then appropriate analogues, though thyroxine 
has been studied in this legard more than have other hormones One 
analogue which has been demonstrated by Maclagan ei al (1) to prevent 
the caloiigenic effect of thyroxine is butyl-4-hydroxy-3 , 5-duodobenzoate 
(BHDB) The mechanism of antagonism has not been elucidated, but 
the effects of this antagonist on thyroxine distiibution, degradation, and 
excretion seemed wmrthy of study The effects of BHDB on truodothy- 
ronme metabolism also would be important to know, smee, even though 
the actions of truodothyronine appear to be very similar to those of thy- 
roxine in kind (2), there are sigmficant quantitative differences m then 
actmties and contrasts in their metabolism (3-6) In general, triiodo- 
thyromne is more rapidly accumulated by tissues in vivo, it exerts a moie 
potent and rapid calorigemc effect, it is degraded more rapidly, and its 
effect on oxygen consumption is more transient 
Certain observations have been reported previously on the effect of 
BHDB on degradation of the I*^*-labeled hormones In rats, Wilkinson 
et al found that the degradation of both thyroxine and truodothyromne, 
as measured by the rate of urinary excretion of radioactivity, was inhibited 
by BHDB (7, 8) These findings were contrary to those reported by 
Roche, Deltour, and Michel for I^^'-thyioxine and BHDB (9), but, as latei 
demonstrated by Wilkinson and Feetham (10), the findings of Roche’s 
group could be explained by the fact that adimnistiation of BHDB ivas 
not continued thioughout the experiment 
The studies leported herein confirm the observations of Wilkinson et al 
(7, 8) on the excretion pattern of radioactivity following the administia- 
tion of I*^'-thyroxine and I^^'-tuiodothyronme to rats and also demon- 

* This study was supported by grant No A-762 of the United States Public Health 
Service, National Institute of Arthritis and Metabolic Diseases 

t Research Pellov of the National Institute of Arthritis and IMetabolic Diseases, 
Public Health Service 
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fetrate that BHDB pioduces alterations in the distribution of these h!^' ' 
lioimones m blood and in certain tissues 

EXPEEIMENTAL 

In all expel iments, female Spiague-DaAvley rats, bied locally, iiercu 
They Meighed fiom 190 to 220 gm and Mere maintained on a stand 
Punna fox choM' diet prioi to each experiment 

Precipiiabihiy of -Thyroxine and P^^-Tniodothyromnc 

Since assumptions aie made in this study that trichloroacetic acid solu' 
ladioactivity lepresents almost entirely the degradation products (> 
lodotyrosmes, iodide) of thyroxine and triiodothyiomne, it Masnecc't 
to demonstrate the degree to M^hich the labeled hormones are prccipifa* 
b}" trichloroacetic acid (TCA) in the presence of animal proteins In tl 
presence of the latter the precipitation of the hormones is more comp' 
particulaily M'hen their concentration is Iom'^ Howevei, even in tliesl 
sence of protein TCA precipitates a sigmficant portion of these hormo 

Liver and nhole blood M’^eie removed fiom fasted normal animals ue’’ 
ether anesthesia A 10 per cent homogenate of liver in M'ater ivas prcpart: 
and sepaiated into twenty 2 5 ml aliquots The heparimzed Mholcl'b'' 
Mms obtained in 3 ml amounts from tv^elve separate ammals 

0 1 ml amounts of P^^-thyroxine,^ each contaimiig 0 004 7 (0 2 a ' 
Mere added to each of ten hver homogenate preparations, followed r 
mediately by 2 5 ml of 10 per cent TCA The same amount of Inte'' ' 
th 3 'Tovne was added to each of six blood samples, followed inimcdialC' 
by 3 ml of 20 per cent TCA 

The remainder of the hver and blood samples M^ere treated similarly 
I*^^-labeled tniodothyromne^ (0 0035 7 in 0 2 /zc ) being used instead f 
thyroxine 

All specimens M^eie then stirred carefully and centrifuged, and (licp 
cipitates M^ere M'ashed tMuce Math 10 per cent TCA The precipitates m 
dissolved in 30 pei cent KOH, the resulting TCA-soluble and 
soluble fractions were then diluted to 30 ml , and the radioactnit' - 
sayed in a M’ell type 7 counter ^ 

Fffeci of BHDB on Tissue Distribution of P^^-Thyroxwe 
and P^^-Triiodothyroninc 

This portion of the study Mas done in older to determine • 

M ould tend to displace hormones from tissue sites and thus 

* L-Thj roxine and L-3,5,3'-tniodothj ronine, labeled with I'^' m Oie ' p 

to the hj dro\jl group (11), were obtained from the Abbott LabontonC', 
Tennessee i 

* Obtained from the Welch-Allyn Corporation, Skaneateles Falls, 
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tions in the concentiation of these substances in lepresentative tissues and 
blood 

Ten lats leceived BHDB suspended in a 0 2 n sodium caibonate solu- 
tion, adjusted to pH 7 8 as described by Wilkinson et al (7) , 25 mg were 
adnunisteied in 1 ml poi tions subcutaneously on the day preceding, and 
again 1 lioui before, the stai t of the experiment ® These ammals and 
twelve other rats, used as controls, were fasted foi 14 hours prior to the 
experiment Five BHDB-tieated and six control ammals received 0 2 y 
(5 juc ) of r^‘-thyroxine injected into a caudal vein The remaimng am- 
mals received 0 16 y (5 )uc ) of I'^'-tiiiodothyionme m a similar fashion 
Ammals vere saciificed by exsangumation either 1 or 24 hours follovung 
admimstration of the labeled hormones Whole blood was drawn from 
the abdominal aorta into heparinized syringes, and specimens of hver, 
kidney, and gastrocnemius muscle vere also removed 3 ml of blood 
veie immediately mixed vath an equal volume of 20 per cent TCA, the 
tissues were weighed and homogemzed in 10 per cent TCA After centri- 
fugation, the precipitates were washed twice with 10 per cent TCA and 
then dissolved m 30 per cent KOH The TCA-soluble and TCA-msoluble 
fractions were then radioassayed as described above 

Effect of BHDB on Protein Binding of P^^-Thyroxine As Revealed 
by Paper Electrophoresis and Anioradiographic Studies 

Ceitain human serum proteins, particularly albumm and some a-globu- 
hns, are able to bind thyroxine, as demonstrated by paper electrophoresis 
(12, 13) We were interested in ascertaimng whether BHDB could compete 
successfully mth thyroxine for similar binding sites m the rat Therefore, 
we designed an expenment whereby the effect of BHDB on the electro- 
phoretic migration of I'^'-thyroxine radioactivity with serum protems could 
be observed 

Five 200 gm rats were given 26 mg of BHDB subcutaneously 4 hours 
later these and five similar control ammals were given 4 y (100 fic ) of 
labeled thyroxme intravenously This relatively large amount of thyroxine 
was used m order to obtain sufficient radioactivity in serum for auto- 
radiographic purposes After 16 minutes, aortic blood was obtained from 
each animal and allowed to clot in a test tube, the blood was then cen- 
trifuged and the serum was removed 0 2 mg of BHDB was added to a 
1 ml aliquot of serum from the control rats The remamder of the control 
sera was used unchanged In summary, there were five specimens for 
each of the following three groups (a) F^^-thyroxme injected intravenously 
into animals pretreated with BHDB, (6) I’^i-thyroxine injected intra- 

The butjl-4-hj'dro\y-3,5-dnodobenzoate was generously supplied bj’’ Professor 
P Maclagan, Department of Chemical Pathology, Westminister Medical School, 
London, South West 1, England 
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radioactmty to a-globulm was not appreciably altered linien add^ic. 
rectly to noimal serum obtained from animals given onl;y 
BHDB displaced radioactivity from the albumin zone 

Tabw: H 


Rad^oacUviiy ^n Mai Tissues Following Admimslration of Labeled 
Thyroxine (o BHDB~Treafed and Control Rais 


Tissue 

Time 
after 
injec- 
tion of 
luuth>- 
1 roxine 

i 

! No and group 

1 of rats 

1 TCA-solttble fraction 

I 

TCA precipitated In tr 

[ (A)* 

(B)t 

(C)t 

(A)* 

(B)l 

(0! 

Blood 

/irs 

1 1 

1 

1 

i 

! 6 control 

5 BHDB 

495 

248 

1 

0 12 ± 0 02 
0 06 =b 0 01 ' 

12,952 

6,652 

2 71 
1 35 

Zhir 
1 70 ±t 

i 



<0 001 


1 

<0 001 


24 

4 control 

5 BHDB 

m 

m 

0 04 
0 02 

0 08 ± 0 02 

0 03 ah 0 01 

2,371 

715 

1 

1 (MiOO 
O3I±0t, 

P 



<0 001 


1 

<0 001 

Liver 

1 

1 

6 control 

5 BHDB 

296 

330 

B 

0 34 dh 0 01 

0 35 4: 0 05 

7,752 

10,294 

7 49j 

'8 91; 

1 

8 99 i Of 
11 llil 

P 

! 

i 

>0 5 

1 

■ 



24 

5 control 

5 BHDB 1 

m 

0 05* 
0 03 

0 09 ± 0 02 

0 06 ah 0 01 

3,245 

3,316 

|1 09 
1 03 

2 22 i 0 ^ 
211 stO 

^ 1 


i 


■ 

■ 


Kidney 

■ 

6 control 

5 BHDB 

195 

173 

B 

0 27 ± 0 04 

0 25 ± 0 04 

1,975 

2,302 

2 29 
2 54 

2 73 4 0' 

3 18 40' 

P I 



>0 5 




1 



Total radioactivity ^ 

i 



(A)* 

(B)t 

ten 

Muscle 

1 

6 control 

5 BHDB 

408 

335 




* (A), counts per minute in fraction (mean value) 
t (B)j per cent of administered dose per gm of tissue (mean dgjj 

t (C)t (B) X body weight of rat per 100 (mean value ± standard “'J. j 
§ P, the probabilit}' that paired data in (C) (BHDB versus contro 
ences due to chance alone 
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The e\cietion of ladioactivity into the uiine and intestine, follomng 
labeled hoimone administiation, is shown in Fig 2 The late of uiinaiy 


Table III 

Radioactivity tn Rat Tissues Following Adimnisti alion of P^^-Labeled 
Tmodolhiji onine to BHDB-Tieated and Control Rats 



Time 
after 
injec- 
tion of 
I'st-tn 

lodothj 

ronine 

No and'group 
of rats 

TCA soluble fraction 

TCA precipitated fraction 

(A)* 

(B)t 

(C)t 

(A)* 

(B)t 

(C)t 


hrs 








Blood 

1 

6 contiol 

■ami 


0 12 ± 0 02 

2024 

0 42 

0 64 ± 0 05 



5 BHDB 

116 

H 

0 04 ± 0 00 

1723 

0 36 

0 55 ± 0 02 

P§ 



<0 001 



<0 02 


24 

5 control 

976 



1221 

m 

0 34 ± 0 16 



5 BHDB 

182 

n 


539 

1 

0 18 ± 0 05 

P 



<0 001 



<0 01 

Liver 

1 


471 

0 48 


US 

3 36 

5 06 ± 0 37 




564 

0 56 


m 

3 61 

5 45 ± 0 40 

P 



<0 2 



<0 2 


24 

5 control 

1223 


0 21 ± 0 01 

3817 

0 31 

0 55 ± 0 17 



5 BHDB 

412 


0 07 ± 0 02 

6487 

0 52 

1 12 ± 0 16 

P 



<0 001 



<0 001 

Kidnej 

1 

6 contiol 

798 

0 85 

1 28 ± 0 23 

3821 

4 12 

6 20 ± 0 61 



5 BHDB 

656 

0 68 

1 02 ± 0 15 

4001 

4 09 

6 18 ± 0 49 

P 



<0 1 



>0 5 





Total radioactn itj 


i 


(A)* 

(B)t 

(C){ 

IMuscle 

1 

6 control 

1026 

0 44 

0 66 ± 0 09 



5 BHDB 

916 

0 42 

0 63 ± 0 10 


I t> t, § See corresponding footnotes in Table II 


excietioii of ladioactivity was gieatei follotMiig labeled tiiiodothyi onine 
than following labeled thyioxine administiation BHDB depressed the 
uiinaiy excietion of ladioactivity aftei the adnnnistratioii of eithei hoi- 
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iBone, bill il caused a piopoitioiiatel)* gieatei luciease in tlic amoiiM . 
intestinal and fecal i adioacti vit 3 '- BIIDB did not altei the fratli,.- , 
fecal ladioaitniD’- iihich iias TCA-piecipitable (appioMinateh 


3 - y 

/3 

Mi*, t Alb 
C 

Tie, 1 Filter paper electrophoresis of rat sera The strip on the right ‘t . 
1 t\pK il protein pattern of serum stained iiith amidoschnartz lOR The d’ 
thn e tie autoradiographs Stnjj A is lepresentativc of the pattern ohi i 

iMth ^crum from a normal animal given labeled thyroxine Strip C siiow' tiicj 
1( in oht lined nhen BHDB is added to this same serum Strip B is reprc'enliliu 
tlu p ittein obtained vith serum fiom a BHDB-treated animal given labeled thn. 
me < > indicates the point of application of the serum for all four stnpi ^o.c 
Strij) B and Strip C the absence of radioactivity in the albumin zone 




A B 



Fig 2 Note in the BHDB-treated animals the markedlj increased fecal en^^ ^ 
and the less marked drop in urinarj excretion of radioactiviti over a 2-1 lioiirj^^ 
following the administration of I”i-Iabeled thxroxine and triiodotlnroimic^^^ , 
controls that received I'^'-triiodothi ronine is observed a larger excretion 
activity in the urine than in the controls that received I”‘ tlnroxinc 
control (five animals), Strip B, BHDB-treated (five animals) 
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cent), but the absolute amount of fecal, TCA-piecipitable radioactmty 
was inci eased to the same piopoition as was the total ladioactmty The 
amount of TCA-piecipitable ladioactmty in the mine lemamed neghgible, 
and the urinaiy volumes and fecal iveights were not changed sigmficantly 
by the piesence of BHDB during the 24 hours of this study 

DISCUSSION 

With the comparatively large doses used, BHDB exeited a potent in- 
hibitoiy effect on the rate of degradation of both labeled hormones The 
degiee of depiession in uiinary excietion of radioactivity was quite similar 
to that noted by Wilkinson et al (7, 8) Since the labeled hoimones aie 
almost entirely precipitable by TCA (Table I), it may be assumed that 
much of the TCA-soluble radioactmty recovered from ammals mjected 
vnth these hoimones represented products of degradation It was of con- 
siderable impoitance, theiefore, that the percentage of TCA-soluble radio- 
activity m the blood and, at 24 hours, m the hver was lower m the BHDB- 
tieated ammals than in the control group, thus indicatmg that less 
conversion of hormone to a TCA-soluble product occurred 

The ability of BHDB to produce a lowering of TCA-precipitable radio- 
actmty m the blood was especially marked following the admimstiation of 
labeled thyioxine This was totally unexpected, because one might pie- 
dict that blood radioactivity would be defimtely higher in the BHDB gioup 
if impaired degradation were the only factor involved The autoradio- 
graphs of the electrophoretic patterns (Fig 1) show that the low levels of 
blood radioactivity might be due to absence of binding of I^^^-thyroxme to 
serum albumin m the presence of BHDB, hence only the a-globulm was 
available for such binding and the amount of hormone bound by this glob- 
uhn appears unaltered In normal human serum a-globuhn is the mam 
bindmg site for thyroxine (12, 13), but some binding to albumin is found 
even at the lowest concentrations studied (13) Moreover, albumin is the 
“mam secondary carrier ” When I^^^-thyroxine is mcubated m normal or 
myxedema serum in concentrations of 60 y per cent most of the thyroxine 
IS found in the albumin fraction (16) 

Even though triiodothyronme is normally bound only shghtly to a-glob- 
uhn and not at all to albumin in human serum (13), BHDB also depressed 
the blood TCA-precipitable levels of this hormone, but the effect was much 
less marked 

The increased amount of TCA-piecipitable ladioactmty in the intestmal 
tract and feces was not necessarily a piimary effect of BHDB It may, 
rather, have been a homeostatic reaction, possibly invol'vmg an increased 
rate of biliary excretion of TCA-precipitable radioactmty, ridding the 
orgamsm of hoimone which would otherwise accumulate, due to the di- 
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niimslied rate of degradation It should be noticed, however, thit 
total excieted iadioactivit 3 ’’, plus that remaining in the mtcshiie n( ([ 
end of 24 hours following the adimmstration of either labeled hornio 
was considerably gi eater in the BHDB group than in the controls in l 
study (Fig 2) This may well have been a result of the impaired bind 
of hormone to seram albuimn Tw o mechanisms, then, seem to hn\eK 
operating to increase the excretion of radioactuoty in the feces . 
BHDB w as administered 

The onlj' instance in w^hich BHDB pioduced an effect on tmodothu 
nine metabolism quahtatively different from that on thyroxine nietaboL- 
IS represented by the precipitable radioactivity in the liver (Tables II ^ 
III) In the piesence of BHDB the thyroxine radioactivity was eleiat 
at 1 houi, but unaffected at 24 hours The opposite w^as true of tnicd 
thyronine ladioactivity The early elevation of TCA-precipitable In 
(and kidney) ladioactmty following thyroxine admmistration is bctlti 
plained by the deficiency in bindmg to serum albumin, with the res ' 
that radioactivity wms more rapidly transferred to the tissues Hoiist , 
w e have no explanation for the even more marked increase m liver TC\ 
piecipitable radioactivity 24 hours after labeled trnodothyronme admit 
tration 


Since BHDB w^as administered in doses which w'ere over 20,000 line 
greater than the doses of labeled thyroxine, httle can be said as to ho" 
effective BHDB is in competing inth thyroxine and truodothyronme Ic 
participation in enzymatic reactions It seems sigmficant that, in spite o 
the great molar excess of BHDB, and in spite of its marked inhibiton ( 
feet on the binding of I^^^-thyroxine to serum albumin, we could not demon 
strate that BHDB inhibited tissue bmding of either hormone Its e'' 
parent inhibition of hormone degradation may, therefore, involve me' 


subtle mechanisms 

Although they could produce inhibition of the calorigemc effect of lb 
roxine by BHDB, Maclagan and coworkers were able to observe no ss 
effect on the lesponse to triiodothyromne, in fact, this response was slight' 
enhanced by BHDB (1) Thus, it is apparent that the processes of calf' 
gemc action and degradation of triiodothyronine may involve sepaf^ 
enzymatic pathways, only one of which is affected by BHDB Bor ' 
roxine, both of these processes are apparently blocked by the ana 
thus, it is still possible that inhibition of the conversion of this hormone^ 
truodothyromne may be the mechamsm responsible for inhibition o 


calorigemc effect, if not of its degradation 


SUMMARY 


The effects of butyl-4-hydroxy-3,5-diiodobenzoate (BHDB) on tlm^^ 
distribution and excretion patterns of radioactivity foUownng the a 
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tration of thyroxine or tniodothyromne labeled wnth have been studied 
in rats 

Under the influence of BHDB, degradation of both labeled hormones was 
apparently slowed, as represented by a lower rate of excretion of TCA- 
soluble radioactivity in the unne, and by the presence of a lower percentage 
of TCA-soluble radioactivity in the blood and later in the liver The 
amount of radioactivity found in the feces and intestines was greater in the 
BHDB-treated group This more than compensated for the decreased 
urinary ladioactivity over a 24 hour period and therefore explains both 
lower urine and blood activity 

BHDB also produced a marked depression m the TCA-precipitable ra- 
dioactivity in the blood follomng I^®‘-thyroxine adnumstration This al- 
teration was probably responsible for the higher concentration of hver and 
kidney TCA-precipitable radioactivity following labeled thyroxine ad- 
ministration to BHDB-treated animals This could be attributed to the 
decreased binding of thyroxine to albumin, without sigmficant alteration 
in bmdmg to other proteins, as demonstrated by paper electrophoretic 
studies and autoradiographs 

The authors are very grateful to Dr John Hogness and Dr Paul Hyde 
for advice on some of the expenments 
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Previous studies with lat hvei tissue and tissue pieparations have demon- 
strated the presence of enz 3 '^me systems capable of reducing the A^ groupmg 
of various steroids to the 5a or 5/3 stereoisomeric forms The 5a (allopreg- 
nane)-reduced products were identified after mcubation of deoxycorticos- 
terone with rat hver slices (1), perfusion of cortisone (2, 3) and cortisol (4) 
through rat livers, incubation of progesterone with a rat hver ho- 
mogenate (5), and the incubation of 11-deoxycortisol with a supernatant 
flmd derived from a rat hver homogenate (6) That rat hver contams 
enzyme systems which reduce the A"* group to the 5^ form is evident from 
the mcubation of cortisone with a supernatant fluid derived from a rat hver 
homogenate centrifuged at 78,000 X g (7) This commumcation reports 
the separation of the two leducmg enzyme systems (5a and 5/3) from a rat 
hver homogenate 


Materials and Methods 

The collection of tissue and the homogenization, extraction, isolation, 
and purification procedures employed m this study have been previously 
described (6) 

Diphosphopyiidme nucleotide (DPN) “90” was obtamed from the Sigma 
Chemical Company, St Louis The potassium hexose diphosphate was 
the gift of Dr E Keller, and the steroid compounds were generously do- 
nated by Dr K Pfister and Dr M Tishler of Merck and Company, Inc 

EXPERIMENTAL 

Preliminary Experiment A 

In a prehmmary experiment. Experiment A, rat hvei tissue was ho- 
mogemzed in a Krebs-Ringer-phosphate buffer at pH 7 35 and separated 
into particulate and soluble fractions bj'' differential centrifugation The 

* This work was supported in part by contract No DA-49-007-MD-682, Medical 
Research and Development Board, Office of the Surgeon General, Department of the 
Army, and by contract No AT(30-1)-918, United States Atomic Energy Commission 
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homogenate fractions vrere incubated with, ll-deoxs^cortisol, the extv ‘ 
of the incubation mLxtures n ere chromatogiaphed means of paper 
matography, and an attempt was made to identify the ring A-reducedpa. 
nets The lesults indicated a sharp difference in the stenc course of nn; t 
reduction between the soluble homogenate fraction and the particul' 
fractions (Table I) From the incubation of ll-deovj’-cortisol luth 
soluble fraction, the 5j3 derivative, 3i3,17D£,21-tnhydro\ypregnaa-20-{- 
V as isolated and identified In addition, partial charactenzation of c‘ 
cholanolone (3a-hydro\yetiocholan-17-one) was made From the iBctf 


Table I 

Stenc Course of Reduction of 11-Dcoxycorttsol by Various 
Fractions of Rat Liver Homogenate 


Eipen 

ment 

Tissue fraction 

I Cu steroid 

1 

Cu steroid 

Pregnane (5(9)! 

Ailopregnane 

(So) 

Etiocholane (SP) 

(«' 

A 

Supernatant 

3^, 5(8 : 

1 

5(8* (etiocholano 



; (78,000 X g) 



lone) 



Particulate fractions 


3o(, 6a 


fa 

B 

Supernatant 

3a, 5(8 





(78,000 X g) 

! 



1 


Residue (78,000 X ff) 

1 

5^, Sat 




“ (6000 X g) 

1 

3a, 6a 

1 

1 


i 

i 

1 

3/8, 6a 


__ 


* Partially charactenzed 

t Configuration established by identification of the sodium bismuthate 
tion product, epiandrosterone 


tions of ll-deo\ycortisol with the particulate fractions, the 6a deruafiB 
androstane-3 , 17-dione and 3a: , 17a-21-tnh3''dro\yallopregnan-20-onc, "t 
isolated and identified, the identifications being based on infrared anaf'- 
meltmg points, and mobihty rates on papei chromatograms 
Smee the yields of conversion products were low and the scparatio’’ 
particulate matter from the supernatant fluid had been inadequate 
the homogenate v as too concentrated (1 gm of hver per 0 6 ml of bij 
a second series of studies was undertaken to confirm the resolution o ^ 
A^-5a- and A^-5)S-hydrogenases In the following group of expenmenf 
use of a more dilute homogenate (1 gm of hver per ml of bufterj _ 
m better packing and separation of particulate matter from the ^ 
fraction The steroid concentration ivas decreased from 1 mg 
tissue preparation to 1 0 mg per 2 0 ml of tissue preparation 
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Expeninent B 

Rat liver (500 gm ) was homogenized with 500 ml of ICrebs-Ringer- 
phosphate huffei Aftei being strained tlnough gauze, 880 ml of homog- 
enate weie obtained Centiifugation at 6000 X p foi 0 5 houi produced 
475 ml of supernatant fluid and 380 ml of lesidue The supernatant 
flmd (400 ml)Avas further centrifuged^ at 78,000 X g foi 90 minutes to 
yield a paiticulate-free supernatant fluid (340 ml ) and a residue 
Three separate incubations Avere earned out To this supernatant fluid, 
AA’^hich amounted to 340 ml , 170 mg of ll-deoxycortisol,| 9 2 X 10~^ mole 
of mcotmamide, 3 1 X 10~^ mole of potassium hexose diphosphate, and 
6 1 X 10"* mole of DPN Aveie added, and the mixture was meubated at 
37° for 2 hours The residue from centrifugation at 78,000 X g Avas re- 
suspended in buffer to a final Amlume of 340 ml , and 170 mg of 11-deoxy- 
cortisol, 9 2 X 10~® mole of nicotinamide, 6 12 X 10"^ mole of DPN, 
and SIX I0~^ mole of potassium hexose diphosphate AA’^ere added and 
the mucture was incubated at 37° for 2 hours The residue from centrifu- 
gation at 6000 X g was resuspended in 880 ml of buffer, and to a 120 ml 
ahquot of the suspension 60 mg of 11-deoxycortisol, 3 6 X 10"® mole of 
nicotinamide, 1 2 X 10~® mole of potassium hexose diphosphate, and 2 4 X 
10"^ mole of DPN were added This mixture Avas also meubated at 37° 
Each mcubation mixture was extracted as previously described (6) 
Incubation of 1 1-Deovycortisol vnth Supernatant Fluid from Centrifugation 
at 78,000 X g — ^The extract (290 mg ) was chromatographed on eight 
paper strips 15 cm wide m the toluene-propylene glycol system (8) for 72 
hours and the runoff fraction Avas collected The zone corresponding to 
the rmg A-reduced derivative (THS) was eluted, concentrated, and dried 
Crystalhzation from absolute ethanol yielded an mitral crop of 11 mg of 
microcrystals with no definable form, which melted at 206-210° The 
' infrared spectrum of this compound proved to be identical to that of an 
authentic sample of 3a,17Q;,21-trihydroxypregnan-20-one (m p 214-216°) 
Although this confirmed the reduction of rmg A to a 5/3 derivative by the 
soluble homogenate fraction, the 3a-hydioxy stereoisomer was obtained 
here as compared to the 3/3-hydroxy isomer obtained m Experiment A 
Incubationof 11-Deoxycortisol unth Residuefrom Centrifugation at 78,000 X 
ff— An ahquot of the extract (0 1 per cent of 392 mg ) was apphed to a 
paper stnp 15 cm Avide, chromatographed m the toluene-propylene glycol 
system for 72 hours, and the runoff fraction was collected Color reactions 
on paper failed to locate any zones wholly characteristic of THS deriA'^- 

^ Thanks are due to the Massachusetts General Hospital and Dr M Hoagland for 
; making aA^ailable the ultracentrifuge and facilities for preparing the various rat liver 
omogenate fractions used in this study 
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atives AH the zones gave reactions tj’^pical of compounds with a d‘-.V 
tone and a-ketol side-cham systems One of these zones vliich com 
sponded in polarity to that of THS compounds v as eluted and analn 
m the infiaied region The analysis indicated a mixture and the carlo t 
region suggested that one of the majoi components possessed an a,^ i 
saturation Othei caibonjd bands veie piesent neai the regions nomx', 
assigned to cyclopentyl carbonyl vibrations and cycloliexyl and ''1 
chain carbonjds, respectively The vaiiation in the relative intensitic , 
the carbonyl bands indicated that these functional groups i\cre nn- 
from different molecules An aliquot of the paper eluate nas subjee' 
to ultraviolet analysis and a sharp band was obtained at 240 (9) 

was estimated fiom this that the a,j3-unsatuiated component accoun! 
for 40 to 50 pel cent of the total iveight of the diied eluate QuanhtMi 
deteimiiiation on anothei aliquot by the Zimmeimann reaction gau' 
value of 20 pei cent of 17-ketosteioid material piesent in the miiii: 
The third component in the mixtuie could be eithei a reduced slcroib 
some non-steroidal contaminant 


A 5 mg sample of this mixture was oxidized with sodium bismiithalc- 
order to convert the oxidizable components m the mixture to the Cu cc 
pounds The oxidized product (approximately 3 5 mg ) was chromMf 
graphed in the hgroin-propylene glycol system (10) for 18 hours Co' 
development vnth the Zimmermann reagent shoved the presence o( fo- 
zones, tv o of vhich were ma]oi and two minor Of the tvo major lo' 
one appealed to be a reduced Cis 17-ketosteroid, having the mobiliti c 
epiandrosteione (3i3-hydioxyandrostan-17-one) Infrared analysis oft! 
matenal (m p 171^175°) and comparison of its spectmm mth that oft 
authentic sample of epiandiosteione (m p 173-175°) proved that thet'' 
were identical This afforded evidence for the Sa-reducing type of actm^ 
m this tissue fraction, but the specific C 21 metabohtes could not be c (’ 


hshed ^ 

Incuhahon of ll-Deo%ycortisol mth Residue from Centnfugalion eiGOVi 
g — ^The extract weighing 103 mg was applied to three paper strips bo ^ 
wide, developed in the toluene-propylene glycol system for 72 hour', ^ 
a runoff fraction was collected Two zones corresponding to THS (fo’i' 
tives weie developed These w eie eluted separately and cliromatograp 
m the toluene-piopylene glycol system foi 72 hours Each ^ 
after elution from paper and diying, was crystalhzed from absolute c 
Infrared analj^sis of the tw o components proved that the spectrum ^ 
(m p 210-214°) was identical to that of 3 a, 17 Q:, 21 -tnliydro\yaIlop^^^ 
3-one and the spectrum of the other (m p 214-218°) identical to 
3/3,l7a,21'tnhydioxyallopiegnan-20-one (m p 214-216°) 
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DISCUSSION 

These experiments estabhsh the fact that lat hver tissue contams two 
reducing systems, one of which i educes the gioup to the 5a stereoisomer 
(androstane oi allopiegnane), and the other reduces the group to the 5/3 
steieoisomei (etiocholane or piegnane) These enz 3 ane systems have been 
named A^-5a-hydiogenase and A''-5/3-hydiogenase, respectively (11) The 
5/3-reducmg system is contained in the soluble portion of the tissue homog- 
enate, thus confirmmg the observation of Tomkms and Isselbachei (7), 
who found the 5/3 deiivative of cortisone when the latter steroid was m- 
cubated with the supernatant fluid from a rat hver homogenate which had 
been centrifuged at 78,000 X g The 5a:-reducing system is associated 
with the particulate material (Table I) 

Still unexplamed are the facts that the pei fusion of A^-3-ketones through 
rat hvers and the incubation of these compounds with rat hver shces or 
homogenates lead to 5a-reduced steroids although both enzymes are pres- 
ent The possibflity exists that some mteraction takes place whieh sup- 
presses the activity of the A'‘-5/3-hydrogenase system This possibflity 
could be tested by recombinmg the supernatant fluid (5j8 system) produced 
by centrifugation at 78,000 X g with the residue (5a system) 

These studies also confirm our previous observations (6) that ll-deo\y- 
coitisol may be converted to 17-ketosteroids by homogenate fractions 
The yields are still low and the enzyme system has not been located pre- 
cisely m the various homogenate fractions 

SUMMARY 

With 11-deoxycortisol as a substrate, it has been demonstrated that rat 
hver contams both the A^-5a-hydrogenase and A'*-5/3-hydrogenase systems, 
which yield, after mcubation, the 5a (androstane and allopregnane) and 
5p (etiocholane and pregnane) stereoisomers The two enz 3 me systems 
have been separated by differential centrifugation The 5a system is 
associated with the particulate fractions, while the 5/3 system is associated 
with the soluble supernatant fluid produced by centrifugation at 78,000 X 
9 

The conversion of 11-deoxycortisol to 17-ketosteroids by homogenate 
fractions confirms our previous findmg 
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The formation of picolimc acid by the action of hver enzymes on 3-hy- 
dioxyanthranilic acid has been described previously (1) The reaction was 
postulated at that time to involve the intermediate formation of an acychc 
compound that could undergo either a spontaneous cis-trans isomerization 
and cyclization to form qumolimc acid or through enzyme action lose a 
carboxyl group and cyclize to become picolimc acid In the present work 
evidence is presented that the carboxyl group of 3-hydroxyanthranihc acid 


I 



3-Hydroxyanthrani late 


3-Hydroxyanthranilic 
^ 


Oxidase 



2-Acroleyl-3-aminof urn orate 



Spontaneous 






Quinolinate 


/o- 


2b 





Picolinic 

> 

Carboxylase 



0 +CO 2 

Lo- 


Picolinate 


is the group that is cleaved through the action of the second enzyme of the 
sequence, now called picolimc carboxylase The accompanymg reactions 
are therefore proposed to represent the metabolism of 3-hydroxyanthranilic 
acid by hver 
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3-HYdro\3"antliramlic acid is an important intermediate in triptopL-' 
metabolism and is knowm to be a piecursor of nicotinic acid (2) Tlic!^ 
bcled carboxyl gioup of S-hydioxi’-anthranilic acid persists in nicotinic r/1 
deiu ati\ es (3) In the piesent oik it as found that most of the lsotC'^ 
of a small dose of carboxyl-labeled 3-h3’'droxyanthramlic acid gnen ton' 
appears as COo, \shereas carboxyl-labeled nicotinic acid does not yield .,,,7 
labeled CO 2 This is evidence that the decarboxylation to form pico’i 
acid is a major step in the metabolism of 3-hydioxyanthianilic acid in u 
These studies mvolved the s 5 Titheses of carboxyl-labeled 3-hydrona 
thranihc acid and carboxyl-labeled picolmic acid The foinier nas 
pared accordmg to the combined sequences of D’Angeli ei al (4) for tl 
preparation of 2-mtro-3-methoxy benzoic acid from m-methoxybenzoic ac ' 
Ciereszko and Hankes (5) for the conveision of this product to carbon’- 
labeled 2-nitro-3-methoxybenzoic acid, and Nyc and Mitchell (6) for tb 
reduction and hydrotysis to 3 -hydroxy anthranilic acid Hon ever, it 
found necessary to alter the described procedures m certain steps, probat'r 
because of the reduced scale 


Methods 

Preparation of Carhoxyl-C^^-Laheled S~Hydroxy anthranilic Acid from S- 
Methoxy-2-niiroiodohenzene — ^The synthesis of carboxyl-labeled 3-lijdron 
anthramlic acid devised by Cieieszko and Hankes (5) involves substitutic- 
of labeled cyamde for the halogen of 3-methoxy-2-nitioiodobenzene Tb 
mtrile is then hydrolyzed to the correspondmg carboxylic acid, nliicli i 
reduced and hydrolyzed to 3-hydroxyanthranilic acid In the exchangee 
cyamde for the lodme of 3-methoxy-2-nitroiodobenzene (5) very poor }icH 
were obtained when the dry reagents were heated together, apparent!' 
because of sublimation of the lodo compound This reaction n as found te 
proceed smoothly w ith ethylene glycol as a solvent A magneticallj" stun'- 
mixture of 0 35 gm of 3-methoxy-2-nitroiodobenzene (5), 0 11 gm 
Cu 2 (C^^N) 2 , and 3 ml of ethylene glycol was brought quickly to boiling ar 
refluxed briskly for 4 to 5 mmutes The cooled mixture was diluted 
water, cooled to 0°, and filtered The precipitate was extracted mth tfo 
to four portions of boihng methanol, each extract being filtered from o’ 
prous iodide Dilution of the filtrate wnth an equal volume (about 10 ai 
of water, coohng to 0°, and filtermg gave 0 19 gm (90 per cent) of 
C'^-labeled 3-methoxy-2-mtrobenzomtrile, m p 121 5-122° Tins pr 
0 3 gm of sodium hydroxide, 2 ml of vater, and 1 5 ml of alcohoH' 
refluxed gentb'' for 30 minutes with mtrogen bubbling through the so u 
The solution was cooled, acidified with concentrated hydrochlonc 
cooled to 0°, and filtered to give 0 14 gm of crude acids which 
limed at an air bath temperature of 125-150° (0 5 mm ) Collectc a 
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more volatile sublimate weie 25 mg of ?n-methoxybenzoic acid, mp 104- 
105° (identified by elemental analysis and comparison with an authentic 
specimen) and then 95 mg of 3-metho\3’^-2-nitiobenzoic acid, mp 253- 
256° (decomposition) Reduction of this nitio acid bj'- the procedure of 
Nyc and Mitchell (6) jaelded 70 mg of 2-amino-3-methoxybenzoic acid, 
mp 167-170° The lattei, 15 mg of red phosphorus, and 1 4 ml of 55 
pel cent h5'^driodic acid, in a sealed tube, weie kept m a steam bath foi 24 
hours The contents of the tube were diluted with water and the solution 
was filtered The filtiate w'as evapoiated to diyness m. vacuo The lesi- 
due w^as dissolved in 3 ml of boiling concentiated hydiochloric acid and 
cooled gradually (finally to 0°) to give 58 mg (73 pei cent based on 2-anuno- 
3-metho\ybenzoic acid, 25 per cent based on radioactive cuprous cyanide) 
of carbo\yl-C^‘'-labeled 3-hydio\yanthianilic acid hydrochloride, m p 229° 
(decomposition) Additional pioduct w'as obtained from the mother liquor 
by the addition of cairier 3-h3’-droxyanthianihc acid 

CrHgClNOatlSQ 6) Calculated, C 44 34, N 4 25, found, C 44 42, H 4 39 

Picohnic acid labeled in the caiboxyl gioup was prepared essentially as 
desciibed by Muiray et at (7) by conveision of 2-biomopyiidine to 2-pyri- 
dyl hthiuni in ether undei helium and caiboxylation of the lithium com- 
pound with C'^Oa liberated from BaC'^Oa 

After adding 3 n HNOa to the leaction imxtuie, the aqueous phase was 
put on a column of Dow^ex 1 acetate, 1 cm X 20 cm , w^hich was then washed 
with water The picolimc acid was eluted by a gradient method in which 
approximately 5 n acetic acid was added to a inixing flask containing 100 
ml of water The picohmc acid, detected by its radioactivity, appeared in a 
w^ell defined fraction shortly after the eluate became acidic The solution 
of picolimc acid was taken to dryness undei reduced pressure and the residue 
was dissolved m water This solution was chromatographed on a small 
column of Dow^ex 50 (1 cm X 12 cm ) ivith 4 n HCl m the reservoir and 
50 ml of w'ater in the mixing flask The fractions containing picolimc 
acid were dried in vacuo The residue was dissolved m wnter and agam 
chromatographed on Dowex 1 acetate as before This procedure yielded 
fractions that exhibited the spectral characteiistic of picolimc acid, and 
these were used without further isolation wRen very small quantities of 
highly radioactive material were desired Other preparations were crystal- 
lized from HCl-saturated ethanol, after the addition of earner picolimc acid, 
and lecrystalhzed from ethanol-ether 

An aqueous extract of rat liver acetone powder w^as used as a source of 
3-hydroxyanthranilic oxidase free from picolimc carboxylase (1) Picolimc 
carboxylase purified from gmnea pig liver w as used in some experiments, 
but it was found more convement to use crude ex ti acts of livers from rats 



452 


PICOLINIC ACID FORMATION 


treated ^Mth coitisone, A\luch mciease the level of picolmic carbow!^. 
man} times ' Caibo\yl-labeled nicotinic acid was obtained commorcnB, 

C” V as determined in a v indow less gas flow countei v ith sample 
sufficiently small to cause negligible self-absoiption, except m the ciso, 
the measuiement of expired CO2 In this case the CO2 vas trapped 1 
lithium hydi oxide, v Inch v as diluted to about 0 001 m before plating Tl 
self-absoiption of 0 05 ml aliquots of tins solution was of the order of I'l 
to 20 pel cent 

Results 

Enzymatic Formation of CO2 from 3-Hijdroxyanthramlic Acid— COj !> 
crated fiom caiboxyl-labeled 3-hydroxyanthiaiulic acid vas determined i 
sj'stems contaming both 3 -hydroxy anthramhe oxidase and picolmic ci 
boxylase and in controls with only the oxidase present The incubiti' 
vas earned out in Warburg vessels with two side arms and a center wl! 
0 2 ml of 1 N LiOH was placed m the center well The mam chamber ci" 
tamed 100 Mmoles of pyrophosphate buffer, pH 9 4, enzyme, and vatert'! 
give a total volume of 4 0 ml One side arm contained 25 7 of carbovl 
labeled 3 -hydroxy anthramhe acid hydrochloride in 0 1 ml , this solutioi 
contained 15,800 c p m In one series the other side arm contained 0 1 ml 
of 0 5 M mahe acid, sufficient to brmg the pH of the vessel contents to 4 to 
facilitate liberation of CO2 The enzyme was either oxidase alone, 01 
ml of lat liver acetone powder extract (1 10), or oxidase plus carbo\3K''', 
0 5 ml of an extract of cortisone-treated rat liver The acetone powd''! 
extract contamed sufficient oxidase to consume all of the substrate nilbo 

2 minutes at 25° The fresh liver extract contamed somewhat more of tb 
oxidase and sufficient carboxylase to remove all of the intermediate 

3 minutes at 25° The vessels were sealed with greased glass stoppers nr.- 
the substrate was tipped m immediately The vessels were placed in t 
incubator at 37° and shaken for 3 hours The malic acid i\as tin- 
tipped in, and the mcubation was contmued for about 10 minutes 
lithium hydroxide was then removed with a pipette and the center vrt- 
was rmsed with water The combined alkali and rinses from each US' 
were diluted to 5 0 ml and 0 05 ml aliquots w^ere counted Aliquots i 
the incubation mixtures were also counted directly 

The results shovui m Table I demonstrate the release of labelc ^ 
when the picohnic-forrmng enzyme is present in addition to ^ 
anthramhe oxidase It may be noted that CO2 was readily distillc^^'^^ 
alkali from an mcubation mixture near pH 9, since no difference ' i 
m experiments m which the pH remamed near 9 and in those m u > 
wms added 

^ The role of cortisone and other hormones in controlling the level of 
will be discussed in a separate publication 
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Expel iments in Vivo, Picolinic Acid Metabolism — 82 7 of picolmic acid con- 
taming 520,000 c p m weie injected intiapeiitoneally mto a rat The 
urine was collected undei toluene Over half of the isotope was excieted 
mto the mine within 6 houis, and almost all could be accounted for m 24 
hours No label was detected in the CO2 Paper chromatography in 
“formix” (1) and papei electiophoresis at pH 4 5 showed all of the radio- 
activity to move as a smgle component, diffeient from picolmic acid In 
a separate experiment in which unlabeled picolimc acid was given to twenty- 
eight rats and the labeled uiinary compound served as a tracer, the excreted 
product was isolated and identified as the glycine conjugate, picohnuiic 
acid, which had been desciibed pieviously as a urmary excretion product 
of rabbits, dogs, and frogs given picolmic acid (8) The product was 


Table I 

Dislnbution of afler Enzymatic Degradation of Labeled S-Hydroxyanthranilate 



Experanent 1 

Espemnent 2 


Oxidase 

Oxidase + carboxylase 

Oxidase 

Oxidase -f- 


Acidified 

Neutral 

Acidified 

Neutral 

carboxylase 

C 02 

Residue 

0 

11,700 

0 

15,300 



0 

12,500 

m 


purified by chromatography on Dowex 1 acetate, by usmg the same general 
method descnbed above for the purification of picolmic acid The radio- 
active fractions were evaporated to dryness and crystallized from 95 pei 
cent ethanol The spectrum showed an absorption maximum at 266 mp, 
compared with the peak at 264 mfi characteristic of picolimc acid (1) 
Elementary analysis for C, H, and N gave results consistent with picolmuric 

Calculated, C 53 88, H 4 42, N 15 54, found, C 53 33, H 4 81, N 15 49 

acid On hydrolysis with 6 N HCl for 16 hours the spectrum of picolmic 
acid appeared and an equivalent amount of glycme was produced ^ 
S-Hydroxyanthranilic Acid Metabolism — 300 7 of 3-hydroxyanthranilic 
hydrochloride contammg 682,000 cpm were mjected mtrapentoneally 
mto rats placed m glass metabolism cages Air was drarni through the 
cage with a shght vacuum and CO2 was trapped m wash bottles contammg 
200 ml of 1 M LiOH Parallel experiments were carried out with carboxyl- 
labeled mcotmic acid, 28 7 contammg 420,000 cpm were used 
No isotope was detected m the CO2 obtamed from animals given labeled 

We are indebted to Dr J Rabinowitz of this Institute for the glycine determina- 
tion 
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nicotinic acid In contiast, in 24 horns appio\imately 90 pei cent o! t; 
label of 3 -liydrovanthranilic acid nas found in expiied CO 2 
The 24 hour urine from lats given 3-hydro\yanthranilic acid contci"^ > 
43,500 c p m 01 6 4 per cent of the administered dose Preliniinnrj , 
chromatograms shon onl}'- one radioactive compound, but minor ci>‘ 
ponents could easily have escaped detection The administered rad 
actne nicotinic acid was largely retained hy the rat, as only 27,100 cpt 
or G 5 per cent, v as found m the urme 


DISCUSSION 

If the quantities of 3-hydro\yanthianilic acid admmisteied to ratsni 
absorbed vitlnn a few hours, the amount reaching the liver vouldr 
greatly exceed the amount presumably formed from tryptophan dun. 
that penod This comparison is based on the excretion of picolinic ' 
b}’- the normal lat (unpublished experiments, A H hi ), m which son:- 
hundred 7 per day appeared in the urine The metabolism of the labe’ 1 
compound, therefore, appears to be an indication of the normal proccv' 
in the intact organism The conveision of the bulk of the labeled co" 
pound to CO 2 IS evidence that most of the 3-hydrox'yanthianilic acid form d 
in VIVO IS sinnlarly oxidized and decarboxjdated ^ The decarboxylafic- 
probably does not involve the other knowm products of 3 -hydro\yanthri 
nihc acid metabolism, qmnohmc acid (10) and nicotimc acid The laltci 
has been found not to give rise to CO 2 when administered m the quantiti 
used in these experiments and only small amounts of CO 2 were found bv 
others when larger doses were given (11) Rats have been found toe’s 
Crete the bulk of admimstered qumolimc acid unchanged (12), and quir 
olmic IS not decaiboxylated by liver enzymes that form picolmic acid fro- 
3-hydroxyanthramlic acid ( 1 ) The previously reported formation of qum 
olimc acidfiom 3-hydroxyanthramIic acid ^n vtvo (10) is a reflection of tl 
spontaneous cyclization of the intermediate m the presence of 
amounts of substrate 

The reaction mechamsm previously proposed for the formation of p* 
olmic acid is supported by the lelease of labeled CO 2 by the combined.^ 
tion of the oxidase and the carboxylase The structure of the intcrmcdn 
oxidation product, of course, cannot be established conclusively on 
basis of available information, but, smee it is at the oxidation Ic'O ^ 
qumohme acid ( 1 ), the action of picolmic carboxylase can only be a simi 
non-oxidative decarboxylation The physiological importance of t 

* Hankes and Henderson (9) have recently reported e\penments in iihich ^ 
labeled 3-hydro\janthranilic acid was administered to rats In these 
larger doses than those used in the experiments reported in this paper werea 
converted to CO; 
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zyme lemains obscuie, since picolinic acid is retained to a very limited ex- 
tent, if at all, by the intact animal 

SUMMARY 

Picolimc acid is foimed by a decaiboxylation of the oxidation pioduct of 
3-hydioxyanthianilic acid in which the oiiginal carboxyl group of the sub- 
strate IS removed This reaction appears to proceed at a sufficient rate 
zn VIVO to cause most of paienterally admmistered carboxyl-labeled 3-hy- 
droxyanthianihc acid to yield labeled CO 2 Picolimc acid labeled vuth 
has been found to be excreted essentially quantitatively as its glycine 
conjugate by rats 
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In 1935 Anson crystallized carboxypeptidase from autolyzed beef pan- 
creas glands (2) and reported that fresh pancreas did not contain the ac- 
tive enzyme, but an inactive piecursor, procarboxypeptidase The precur- 
sor was partially purified and found to be activated by trypsm (3) In 
contrast to the pancreatic enzymes trypsin and chymotrypsm, which are 
prepared directly from their purified precursors, Anson’s procedure of iso- 
lating carboxypeptidase from autolyzed tissue has persisted (4) While 
many of the cheimcal and enzymatic properties of carbox 5 T)eptidase are 
known, little is known of the relationship of this crystalhne enzyme to its 
precursor 

Prehmmary to a study of the procarboxypeptidase system, punfication 
of the zymogen was undertaken Albrecht, in 1954, noted that procarboxy- 
peptidase was stable to orgamc solvents (5) By successive fractionations 
with acetone and ammonium sulfate, she achieved preparations of about 
80 per cent purity and studied their conversion to carboxypeptidase More 
recently it has been seen that the yields, as well as the ease and leproduci- 
bihty of preparations are improved by using defatted powders of beef pan- 
creas as startmg material ^ A procedure has been developed which yields 
procarboxypeptidase of 95 per cent homogeneity The properties of the 
purified zymogen and its relationship to Anson’s crystallme carboxypepti- 
dase are described in this paper 

EXPERIMENTAL 

Assay System and DefimUon of Unit — The increase in carboxypeptidase 
activity upon incubation with trypsm was used as a measure of procarboxy- 
peptidase content Standard activation mixtures, contaming 0 1 mg of 
protem N per ml and 0 01 mg of trypsin N per ml in 0 04 m phosphate 
buffer, pH 7 8, were incubated at 37° At intervals, aliquots were with- 

* A preliminary report of this work was presented before the Forty-seventh an- 
nual meeting of the American Society of Biological Chemists, Atlantic City, New 
Jersey, April 16-20, 1956 (1) 

* The powders were prepared in this laboratory or supplied through the courtesj' 
of Ell Lilly and Company 
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dra-uTi and assayed for carboxypeptidase activity, vnth 0 02 v carboH 
ox 3 ’glyc 3 'l-L-phenylalanine- as substrate in a buffer, pH 7 5, contamn!'’0f 
M Na Veronal-0 1 m NaCl The enzyme was diluted nith the same k' 
and incubated at 25° v ith substrate The amount of phenylalanm'' r 
leased from the peptide was measured by its mnhydiin color (6) 

Units of activity aie arbitrarily defined as 1000 X I', in vliicli /'i-b 
first order rate constant, calculated from decimal logarithms Sj/t 
actmties of the zymogen are expressed as the number of carboxypcptid.- 
umts obtained upon activation of 1 mg of precuisor protein 
Preparation of Extracts — It was found m preliminary expenments tl 
aqueous extracts of the acetone powder contained as much procarboxjpcj 
dase as did sahne extracts, and at a higher specific activity Accordinr 



Fig 1 The eSect on carboxypeptidase activity of incubation of water e\tr’ '-J 
of acetone powder of beef pancreas glands with (□) and without (A) added tr\|- 
The conditions of assay and definition of units are given in the text 

the powder was extracted with water (20 ml per gm of ponder) for'’ 
hours, with stirring, at 5° The suspension was centiifuged (30 minuti 
25,000 X g), and yielded approximately 18 ml of extiact per gm of 
mg material Extracts prepared in this way had initially a vciy' Ion 
of carboxypeptidase activity when tested toward CGP As shorni mb 
1, incubation of the extract at pH 7 8 without added enzjmie effected on ' 
slight increase in carboxypeptidase activity, whereas in the presence 
added trypsm, the activity increased 20-fold 

Procedure of Purification 

Preparation of Acetone Powders — ^Whole frozen beef pancreas glnod'y 
obtained from the slaughtei house The frozen glands nerc allom^ 
remam overnight in the cold room (4°) to effect paitial than mg 
subsequent operations were carried out in the cold room The gian ^ 

1 pr 

- The following abbreviations are used CGP for carbobenzoxj gb cjl P 
nine, TCA for trichloroacetic acid 
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trimmed of gioss fat and connective tissue and passed tmce through a 
chilled meat giindei The giound tissue was extracted with 2 volumes of 
cold acetone, with stiiimg, foi 6 to 8 houis The suspension was filtered 
through a Buclmei funnel, and as much fluid was expressed as possible 
The lesidue was then leexti acted successively twice mth 2 volumes of 
acetone, once vith 2 volumes of acetone-ether (1 1), and once with 2 vol- 
umes of ethei The defatted tissue vas spiead out on paper at room tem- 
perature (22°) to diy, and finally was desiccated ovei silica gel 1 gm of 
diied acetone poAvder is equivalent to about 5 gm of giound pancreas 

All subsequent operations -were earned out at 0° miless otheiwase speci- 
fied 

Ammonium Sulfate Fi aciionaiion — The pH of the extract (usually about 

6 3) was adjusted to 7 2 bj’’ the addition of 1 N NaOH (about 0 4 ml of 
base per 100 ml of extiact) The extract Avas stirred during the gradual 
addition of sohd ammonium sulfate (27 5 gm per 100 ml to achieve 0 39 
satuiation) A pH of 7 2 to 7 4 was maintained throughout the fractiona- 
tion by the addition of NaOH The suspension w'as stirred for 30 mmutes 
and centrifuged (30 mmutes, 25,000 X g) The precipitate was dissolved 
in 0 04 M phosphate buffer, pH 7 4 (about 10 per cent of the initial volume 
of the extiact), and dialj’-zed overnight versus the same buffer 

After dialysis, the protein concentration w'as adjusted to 2 per cent A 
saturated solution of ammonium sulfate (saturated at 0°, adjusted to pH 

7 4) was added slowly, wnth stirring About 47 ml w^eie added per 100 ml 
of protem solution to achieve approximately 0 32 satuiation After equili- 
bration the suspension was centrifuged, and the small precipitate w’^as dis- 
carded To each 100 ml of supeinataiit solution 11 5 ml of saturated am- 
momum sulfate w'ere added to achieve 0 39 satuiation After 30 minutes 
wnth stirring, this suspension w^as centiifuged, and the precipitate w^as dis- 
solved m water (about 5 per cent of the initial volume of extract) and dia- 
lyzed overnight versus w^ater 

Isoelectric Precipitations — Procarboxypeptidase is minimally soluble in 
water at pH 5 2 Further purification was achieved as follows The aque- 
ous solution of procarboxypeptidase w'as diluted to a protein concentration 
of 2 per cent Acetic acid (0 1 m) w'as added dropwnse, and with stirring, 
until a pH of 5 2 W'as reached The suspension was stirred for 30 nunutes 
and centrifuged The precipitate Avas resuspended in the same imlume of 
water, 0 2 m Ba(OH )2 w'as added to pH 6 0, and the suspension Avas stirred 
at pH 6 for several hours Procarboxypeptidase is exti acted in this AA'ay 
Avhile seveial of the contaminating proteins lemain msoluble After cen- 
trifugation, the proteins of the supernatant fluid AAeie usually leprecipitated 
at pH 5 2 and once again extracted at pH 6 0 Piepaiations of procar- 
boxj'peptidase iveie routmely stored m the cold as a lyophihzed pow'dei 

Table I presents a typical protocol, Avhich shows recover les, enrichment. 
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and the electrophoretic homogeneity at each stage By extrapolatiOT r 
these data it is estimated that procarboxypeptidase of 100 per cent hoa.v 
geneity ould have a specific actmty of 1000 
It mil be noted that about 35,000 umts of potential carboy peplnli 
activity vere extracted from each gm of powdei (^5 gm of fresli tisx i 
This value compares favoiably to the total activity extracted clirectli fru 
fresh tissue, vtz , 21,000 umts pei 5 gm and indicates that exposure toll 
organic solvents v as in no way deleterious to the enzyme 

Properties of Procarboxypeptidase 

Preparations of procarboxypeptidase obtained by the procedure d 
scribed in the precedmg section were approximately 95 per cent homoger 


Table I 

Protocol of Punficahon of Procarboxypeptidase 


100 gm of povrdcr were used 







El'w-' 


Stage in purification 

Total umts* 

Total 

protem 

1 

Specific 

actiMtj 

r;- 

het: 

FC : 




ms 

imtls ptr 
mi 


1 

Water extract 

3,480,000 

21,760 

1D9 

'’1 

2 

1st (NHdjSOx ppt (0 0-0 45) 

2,700,000 

4,676 

557 


3 

2nd (NH4 )sS 04 ppt (0 32-0 39) 

1,253,000 

1,702 

73G 


4 

Isoelectric ppt , pH 5 2, extracted 






with Ba(OH) 2 , pH 6 0 I 

941,000 j 

1,032 

1 



* Units = A.' X 1000, m wiiich A' = l/t(log a/a — x) 


ous The physicochemical properties of the purified zymogen i\cic « 
amined and compared with those of Anson’s crystalline carboxypcpti'^'^'’ 
The results are summarized in Table II 
Eleclrophorehc Analysis — Electrophoresis was coined out in monoia''^ 
buffers of ionic strength 0 2 over a pH lange of 4 5 to 7 5 in a Spinconu>^^ 
H electrophoretic apparatus Fig 2 shows a typical clectropliof*: ^ 
pattern The protein used m these experiments was 97 per cent loa ^ 
geneous The pH-mobility curves of procarboxypeptidase and of i 
crystallme carboxypeptidase are shovm m Fig 3 It will be seen t la f 
carbox 3 T)eptidase is the more acidic protem Under the same con ^ 
of electrophoresis, the isoelectric point of the zymogen is about 2 p 
below that of crystalline carboxypeptidase That the observed 
pomt of procarboxypeptidase is due in part to the binding of bu cr ^ 
indicated by the fact that in aqueous solutions the pH . 

ity IS 5 2 It was noted also that a solution of procarboxj'pcP t - 
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Tabi e II 

P)opcilits of Piocathorypeplidase aiid of CnjslaUtne Caiborijpeplidase 


Propcrtj 

Proc'irboxj peptidase 

Crjstallme carbo':\ peptidase 

Isoelectiic point, iiniv dent bufTci, 



r/2 = 0 2 

<pH 4 5 

pH 6 0 

S^o If 

5 87 S 

3 07 S 

Molecular weight 

96,000 (light scatter- 
ing) 

96,000 (sediment!- 

34,000 


tion equilibiium) 


% nitrogen 

15 9 

15 4 

pi% 

■'^280 

19 

23 

6 

18 2 X 101 

7 9 X 10' 

Specific actlvlt^ (0 02 m CGF) 

1000 units pel mg 

3000 units pei mg 


The properties of procirboxj peptidase weie determined is described in the text 
The properties of ci\stalline carbox^ peptidase weie described elsewhere (7-9) 



Fig 2 Electrophoietic pattern (300 minutes at 3 36 volts per cm ) of procaibox}^ 
peptidase in cacodjlate-NaCl buffer, pH 6 75, of lomc strength 0 2 Upper photo 
graph, ascending boundary, lowei photograph, descending boundar^ 



I’KOC VUBOX\PLPTID VSL 


K)2 

t lined a stalile pll of o 2 when deionized by passage tliiougli a inivdl. ' 
ion exchange column (I 2 nuxtuie of IR-120, IR-400, 30 mesh) 
S((hmcn(a(ion Analysis — Solutions of piocaiboxj^peptidase wcican.iK, 
in the ultiaccntiifuge (Spinco model E, at 20°, in the standaicl cell) uu 
od\hte-XaCl buffeis of ionic stiength 0 2, pH G 75 Sedimentatioii o 
stants weie obtained o\ei the concentiation lange of 0 1 to 12 jirr a 



Fig 3 pH moliilitc curves of procarboxj peptidase (O) and of crjsl dime cirbov 
peptidase ( o 1 (7) Monovalent buffers of ionic strength 0 2 \\ ere used m both 't'O' 

piotein Extiapolation of these values to infinite dilution gnes (lieuib' 
S 20 w = 58 S foi piocaiboxypeptidase The sedimentation constant' 
Anson’s ciystallme caiboxypeptidase is lepoited to be 3 08 (8) 

Light scattennq incasm cnicnt^ indicate that the moleculai wciglif oft' 
puiified zymogcTi is 90,000 This value wms confiimed in scdiniontatio 
equihbiium exj iiments and is almost 3 times the moleculai iiciglii ' 
Anson’s enz^mie (34,000) Coiiespondmgly, specific activities based ' 
piecuisoi piotein aie about one-thnd those of the ciystallme carimi' 
peptidase On a molai turnovei basis, the potential activity of the 
gen IS about equal to the activitj'’ of cij’^stalline caiboxypeptidase 
The absoipfwn spcctnnn of piocaiboxypeptidase is that of a t 3 'pHa 1 
tern, with a maximal extinction at 280 m^ and a latio of cxtiiufm'^^^ 
260 and 280 mg, lespectively, of 0 58 The extinction coefficient o 

p 

^ Unpublished experiments performed b^ Dr Joseph Kraut, Department 
chemistrc , UmversiU of \V ishington Details of the determination of the na 
weight of proc irbow peptidase will be presented in i separate inihlication 
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zymogen was obtained by dry weight determinations on samples of knomi 
optical density £'280 was found to be 19 Hence the molar extmction 
coefficient of piocaiboxypeptidase (molecular weight = 96,000) is 1 82 X 
10° Kjeldahl nitiogen deteimmations were related to the diy weight of 
the protein to give a nitrogen content of 15 9 per cent 

Achvaizon Reacizon 

The activation of piocarboxypeptidase was followed m the ultracentri- 
fuge Solutions of the zymogen (0 2 mg of N per ml) were incubated 

TIME INCUBATED PERCENT RELATIVE AREA OF NEW COMPONENT 
WITH TRYPSIN ACTIVATION % 

OBSERVED THEORETICAL 

0 MIN 


GO MIN 42 23 28 


lao HIN 66 44 47 


300 HIN 16 69 66 

Fig 4 Sedimentation patterns of partial activation mixtures of procarboxypep- 
tidase Expenmental details are described m the text 

With trypsm (0 008 mg of N per ml ) at pH 7 8, 37°, and at mtervals ah- 
quots were withdrawn for enzymatic assay Concurrently, soy bean tr}^)- 
sin inhibitor was added to portions of the activation mixture to arrest 
further action by trypsm The latter portions then were dialyzed, lyo- 
philized, and, after eqmhbration with buffer (0 04 m PO4-O 1 M LiCl, pH 
7 4), subjected to sedimentation analysis Fig 4 presents the sedimenta- 
tion patterns of partial activation mixtures, corresponding to 42, 66, and 
78 per cent activation, respectively It will be noted that, durmg incuba- 
tion ivith trypsin, procarboxypeptidase disappears and a smgle new protem 
component, with a lower sedimentation constant (S20 «, = 3 0 S at a protein 
'' concentration of 0 8 per cent), appears The relative area of the new pro- 
tem component is at all times less than would be expected from the degree 
of activation In contiol experiments, solutions of the same preparation 
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PKOCARBOXTt PEPTIDASE 


of zymogen were incubated mtb tr^qism to which an equal ^\elgllt c' t 
bean trj psin inhibitor had been added The sedimentation patte- i 
such mi\tuies uere unchanged during 240 minutes of incubation 
■\^Tule there might be seveial explanations foi the appearance of a s-., 
new protein component uith a louer sedimentation constant, the folio-, 
experiments have pro^^,ded evidence that the new component is, m i_ 
a smaller molecule, carrying all of the enzymatic activity, and that t' 
residual meit moiety of the zymogen can be accounted for as diahzJ’ 
fragments soluble in 15 pei cent tiichloioacetic acid (TCA) Thccov 
of activation of piocaibox 3 ’’peptidase was followed simiiltancou'h 1 
enzjTnatic assay and by the appearance of TCA-soluble mat^'n il Jor 
latter, aliquots weie wathdrawn and added to an equal volume of coM ? 



TIME IHCUBATION, MINUTES 

Fig 5 Correlation of the per cent of activation of procarboxypoplidnsc (OU 
the appearance of TCA-soluble material (A) during incubation with tr 3 pn> 
perimental details are described in the text 

per cent TCA After 30 minutes at 0°, the precipitate was centn-'’ 
and the extinction of the supernatant solution was measured at 
As showm in Fig 5, the data folloived a single curve, when the 
adjusted so as to equate 100 per cent activation to the condition w "h 
57 per cent of the total extinction of the precursor was soluble in TCA 
is significant that the fraction of the total extinction w'hich remains 
cipitable bj'' TCA (0 43) is preciselj' the ratio of molar extinction cv- 
cients of crystalline carboxypeptidase and of the purified zymogen ^ 
the net loss in protein material during activation is taken into account^ 
observed relative areas of the nexv piotein component shown in Fig 
w'ell with the predicted value 


Product of Activation 

The activation of procarboxypeptidase w as carried out on a lorgj ^ 
and the enzymatically active product was isolated and erj stallion ^ 
crystalline pattern of carboxypeptidase prepared from procarbovipni’ 
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IS shown in Fig 6 Some of the moleculai piopeities of this enzione aie 
piesented in Table III, along wnth those of caibo\ 3 ’’peptidase isolated fiom 
autolj’^zed pantieas glands b^'^ the pioceduieof Anson The sedimentation 



Fig 6 Crjstalline habit of carboxj peptidase piepaied from purified procaibo\\- 


peptidase 


Tabi e III 

PwpetUes of Caiboxypcplidase Prepared f tom Pwified Pi ocaiboxypeplidasc 



Carbo\i peptidase prepared 

Propertj 

1 According to Anson 

From purified 
procarbo\'> peptidase 

Crystalline habit 

Boat shaped 

Crescent shapetl 

5*^0 w 

3 07 S 

3 06 S 

/i,* in PO4-L1CI buffers, pH 7 4, r/2 = 

0 2 

-1 83 X 10-= 

-1 44 X 10-= 

Specific activity 

3000 units per mg 

3000 units per mg 


* M — electrophoretic mobility 


constants of the two enzymes are identical, w^heieas the significance ot the 
slight diffeience in electrophoietic mobilities is not j'^et known It will be 
noted, how^evei, that the specific activity of the enzyme piepared fiom 
i Piocaibo\ypeptidase is 3 times highei than that based on piecuisoi piotem 
and IS exactlj'- equal to the specific activity of Anson’s enz 3 mie 
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DISCUSSIOX 

The coincjbion of piocazbo\3^peptidase to caiboxypeptidasc can f 
suiomarizecl at pioseut b}’’ the equation 

ProL iibox'vpcptul ISO ti 3 psin cirbo\3 peptul ise + fragment'- 
1 /L<mo!e (91) mg ) 1 jt/molc (34 mg ) + X juinolc (G2 

The icaction is tij p^m-dependent, as neithei actnation noi the inoloc.i’ 
c hanges oc i ui hen pi ocai bo\3^peptidase is incubated w ith soy bean iiiL 
ited ti3psin Tivpsin appaien^ catal3^zes both the actn al ion and tl 
coineision to the smatlei molecule All of the potential acti\i(\ of i! 
pieiui'^oi (bbjOOO units pei /imole) can be accounted foi in the isohui 
( ailxAi peptidase (102,000 units pei /Ltinole) 

The poss]bilit3’’ that contaminant enz3'^mes m piocaibo\3fpeptKlas.ej)a i- 
ai iiioii'' might be involved m the leaction was minimized b3' the ohsjn, 
lion that piO{aibo\3’^peptidase, isolated electiophoieticall3’’ (hence free fa 
t oiitammants othei than 3113^ with the same mobiht30, showed the sv 
li( li t\ 101 when incubated with tiypsm as did piepaiations piioi toolciir 
jihoiesis Fuitheimoie, the leaction goes to completion in the picscmv 
/■:t-ph( 113 Ipiopionate (0 1 lu) which w^ould inhibit eitliei chymotiyptic a(t> 
it\ 01 ain aiitolvtic action b3'' the caibo\3’’peptidasc foimed 

The aitnation leaction pioceeds in an “all 01 none” maiinci If 1 
not Ixen possible to sepaiate the piofound moleculai degiaclation fronit' 
fonnatiun of at tue c ai bo\3''peptidase No inteimediate enz3nic or nr 
gen toims ha\ e been detected as 3’’et The lelationship ofpiocaibowiX'; 
dase to cai hoxi peptidase is maikedl3'' dilTeient fiom othei j'3miogcii-ennr 
iclatioiis Tniism and ch3mioti3^psm haie about the same inolccii 
weights as then lespectne piecuisois, and a limited numbei of iicpfd 
bonds aie split duiing then actnation (10) Much moie evtciiincdn’r- 
elation at companies the actnation ol piocaibo\3’’peptidase 

Se3eial possible mechanisms ma3’’ be consideied foi the actnation 
ess Tiypsin ina}^ in an initial phase, split a limited numbei of peptf^ 
bonds, leading to a disoiientation of the chain stiuctuie of the inert moy 
of the piecui''Oi molecule and, consequentl3q to fuithei degradation 
tn’psm It would appeal, fiom the specificity of the actuating 
ti3psm, that the non-enz3mmtic moiet3'' of the piccuisoi contain 
accessible l3b\i 01 aigin3d bonds than does cai bo\3’^peptidasc 

A second po'-sil)ilit3 that ma3’^ be consideied is that, aiialogoi!i> f® 
actnation of pepsinogen (4), piocaibo\3'-peptidase is coineitcd h' *r'f^ 
to a caibovpeptidase-mhibitoi complex and that, upon ciissot lafio'i 
inhibitoi IS digested 113 tiypsin 

Tlmdbq pio(aibo\3^peptidase, although behating as a honiogL ^ 
moleculai species mav, in fact, be a complex of two 01 moic piotci” 
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tivation, in tins event, might be accompamed by or even consist in tryptic 
digestion of the ineit moiety of the complex 

Expel iments are in progress to test these hypotheses and to character- 
ize further procaiboxypeptidase, its lelationship to carboxypeptidase, and 
the role of metal in the activation piocess 

SUMMARY 

A procedure has been developed for the preparation of procarboxypep- 
tidase from acetone powdeis of beef pancreas glands The final pioduct is 
about 95 per cent homogeneous duiing electrophoresis and ultracentnfu- 
gation The propeities of the purified zymogen have been compared with 
those of crystallme caiboxypeptidase 

Procarboxypeptidase is a larger molecule (molecular weight 96,000) than 
ciystallme carboxypeptidase (molecular weight 34,000), with more acidic 
properties and with an isoelectric point about 2 pH units lower than that 
of carboxypeptidase 

Upon activation by trypsm, the purified zymogen gives rise to a smaller 
protem molecule, which has been crystallized All of the potential activ- 
ity of the zymogen can be accounted for m the crystallme carboxypepti- 
dase isolated from the activation mixtures 

Our thanks are due to Dr Eric Stem for his cooperation during the mi- 
tial phase of this work and to Mr Roger D Wade for performmg the elec- 
trophoretic and ultracentrifugal analyses This work was supported m 
part by research grant No BCH-42 from the American Cancer Society and 
by research grant No C-2286 from the National Institutes of Health, Pubhc 
Health Service 
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INFLUENCE OF CATIONS ON THE INTRACELLULAR 
DISTRIBUTION OF RAT LIVER ARGINASE* 

By otto ROSENTHAL, BETTY GOTTLIEB, JOHN D GORRY, 

AND HARRY M VARS 

{From the Harrison Department of Surgical Research, Schools of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 

(Received for publication, January 31, 1956) 

Reports from several laboratories (3-7) indicate that the argmase con- 
tent of rat hver is positively correlated with the protein catabolism of the 
ammal The changes in the enzyme content are always imtiated by paral- 
lel changes m the quantity of total hver protein and follow rather than 
precede the changes m protein catabolism The phenomenon appears to 
represent neither merely a non-specific participation of the enzyme in the 
net changes of hepatic protein nor a specific adaptive response, but rather 
a combination of both processes It has been interpreted by us (7) as 
reflecting excessive formation or deterioration of the enzyme in response to 
a functional overload or non-use 

This interpretation was based on the fact that the response of argmase 
to changes in the protein catabolism was excessive mth respect to that of 
the total hepatic protein and of enzymes functionally unrelated to ar- 
gmase The evidence remains incomplete, however, unless it is knorni 
that argmase and the reference enz3anes used have the same intracellular 
localization As long as such information is lacking, the possibihty cannot 
he excluded that changes in the relative amounts of the morphological 
units, of which the enzymes are among the components, may simulate a 
specific response of argmase to metabohe stimuli wLen there is only non- 
specific participation m a locahzed gam, and loss of protein not recogniza- 
ble in the net protein changes of the organ 

We have used mamly rhodanese as a refeience enzyme for argmase, 
since both enzymes are probably situated exclusively m the parenchyma- 
tous hver cells Rhodanese is knowm to be localized m the mitochondria 
(7, 8) From reports m the hterature (8, 9) and earher studies from this 
laboratory, it appeared that argmase is bound mamly to nuclei and micro- 
somes The results of the present investigation show, however, that tins 
distiibution pattern holds only for tissue homogenates m electrolyte-free 

This study was made under contract No DA-49-007 -hID-143 between the De- 
partment of the Armj and the University of Pennsylvania, and aided bj an institu- 
tional grant from the American Cancer Societ> and by the Atv ater Kent Fund Pre- 
liminary reports have appeared (1, 2) 
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aqueous media At cation concentiations appioacliing those pre\ai!ir- 
intact liver cells, arginase is not associated wth particulate cell compov' 
The response to changes in protein catabolism of suitable reference enzu. 
belonging to the soluble fi action of hepatic cj^toplasma remains tn : 
explored Implications of these findings for enz 3 mie distribution 
V ill be discussed 


Methods 


ISIale lats, 250 to 300 gm , from the colony of the Wistar Institute r. - 
fasted overnight and anesthetized with Amytal, and the livcis iiere 
jected to letiograde (10) perfusion tn situ mth cold 0 25 m sucrose soliit 
Perfusion and all subsequent procedures were earned out in the cold ro 
at 4° The excised hvei vas biiefly minced mth scissors and portion. - 
about 2 gm each vere strained through the wire scieeii of a small slain! 
steel hand pi ess, a fresh screen being used for each portion to prei ent K 
ing up of the pulp and the resulting evposuie to high pressure 10 p 
cent homogenates in the sucrose medium were prepared in a nioi i 
Potter-El vehjem (11) apparatus* equipped with plastic pestle head * 
smular type of giindmg vessel was used for centiifiigal sedimentations ' 
V ashing of the nucleai fiaction, the supernatant fluids being reinoicdh 
siphomng The centiifugal fractionation of the homogenates was cw ’ 
out accordmg to the directions of Schneidei and Hogeboom (12)''^ 
refeience to steps, timing, and the centrifugal forces- used, except tint t 
mitochondna vere sedimented at 12,300 X 9 (15,600 rpm)’ dunagt' 
tv 0 washings 


Purified nucleai fractions were piepaied by gradient centrifugation 
calcium-contaimng suci ose solution according to the procedure of Hogclxr 
Schneider, and Striebich (13) Puiification was checked by dctcrmir 
the deoxyiibonucleic acid or nitrogen ratio and by microscopic iinpo*"' 
vith phase contrast optics The best lesults were achieved b\ 
mg the homogenates first thiough four layers of surgical gaurc, audit 
after through one layei of single napped flannelette (only the cxpenir: 

* Tissue grinders, Arthur H Thomas Company, Philadelphia In nddition^*^ ^ , 
standard equipment, the follomng items not listed vere obtained (a) 
grinding vessels, size B, 120 mm high, 30 ml capacity for sedimentation f', 
tion of the nuclear fraction, (6) pestles with non-serrated Teflon grinding ^ 
resuspending sediments in grinding vessels or Lusteroid centrifuge tulica, 
pestle vith serrated Kel-F grinding head for the primary liomogcnua 
experiments of Tables I, II, and IV 

- All relative centrifugal forces are calculated for the center of tlic , 

* International refrigerated centrifuge No PB-1, multispced nttac 
No 296, 1 X 2J inch Lusteroid tubes The fluid volumes vere 15 m , 
to 10 ltd of original homogenate, for the initial sedimentation of t 
and 8 ml for the two washings of the combined sediments of two lo ni 
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earned out with the lattei piocedure are recorded m Table II) The 
onussion of straining of the liver befoie homogenization (14) failed to im- 
prove on the chenucal and morphological pioperties of the preparations, 
but resulted in much smaller yields of nuclei 

For the assa}’" of nucleic acids, the extraction piocedure of Schneider 
(15) was used Deoxyribonucleic acid (DNA) was determined with the 
diphenylamme leaction of Dische (16) in a Beckman DU spectrophotom- 
eter at 600 mju, and iibonucleic acid (RNA) vnth the oremol reaction^ 
(17) in a lUett-Summerson colorimetei equipped vuth filter No 66 

Determinations of total mtiogen and of argmase have been described 
previously (5) For the lattei assay, ahquots vere immediately ivith- 
drawn at each step of the fractionation procedure and diluted vuth the 
manganese suhate-sahne solution, as outlined previously The enzyme 
activity of these mixtures remains unchanged for storage penods m the 
cold up to a week 

Magnesium was estimated colorimetrically, mth the titan-yellow method 
of Heagy (18) adapted to smaller samples Readings were made in the 
lUett-Summerson instrument vuth filter No 56, as the ratio of magnesium 
complex absorption to blank absorption at 560 mju was more favorable than 
' at the absorption maximum of 540 mu Blanks and standards contained 
the same quantity of sucrose as the expenmental samples 


Results 


Intracellular Dislribuhon of Argmase — The intracellulai distribution of 
lat hver argmase has been previously studied by Schein and Young (9) 
in distilled water homogenates and by Ludewig and Chanutin (8) in iso- 
tomc sucrose solution In both media, 75 to 80 per cent of the enzyme 
activity remamed bound to particulate matter, the nuclear fraction ac- 
countmg for about 35 per cent of the total activity The percentage pres- 
ent m the mitochondrial fraction was 31 and 15 per cent in distilled water 
and isotonic sucrose solution, respectively The latter value closely agrees^ 
ivith those found by us (7) in mitochondria, from vhich the fluffy layer 
was not removed In contrast, the modified imtochondnal preparation 
used in the present study (Table I) contained but 6 per cent of the argmase 
activity, mdicatmg that the higher previous values were due to contami- 
nating microsomes Because of the known heterogeneity of the latter 
fraction, an experiment was performed in which two subfractions, which 


^ Iron reagent, 0 1 per cent ferric ammonium sulfate I 2 H 2 O in concentrated HCl 
Heating time, 45 minutes 


' In protein-fed rats, the argmase distribution among the four fractions i\as 29, 
13, 37, and 5 and 26, 15, 41, aiid 7 in resting and in 1 daj'^-regenerating liver tissue, re- 
spectively 
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sedimented at 27,000 X g (30 minutes)® and 78,000 X g (GO minui. 
\\ ere assayed mdinduall}’' The specific argmase actmty of thc'c i' 
tions A\as 53 8 and 49 5, respective!}’-, indicating a fairly even distntii' 
of the enz} me among microsomes of different sizes From Table 1 1 
endent that the relative concentration of argmase in the nuclcir, rr 
chondrial, and microsomal fractions follow ed that of the nucleic c 
suggesting that the latter -n’ere instrumental in the binding of tlie cn’v 


Table I 

Dtstnbtiiion of Argmase, Total Nitrogen, and Nueleic Acids in Rat Lna' 


rraction 

Per cent distributionf 

Rclatnc conctnlnti ’ 

Argi- 

nase 

Total N 

DNA 

RNA 

Argi 

nase 

DNA 

RNA5 

Tci’ 

Homogenate (H) 



100 

100 

1 00 

m 


1 


(923) 

(33) 

(3 1) 

(8 2) 

(28 9) 

Ibmim 

(23S 5) 

Nuclei (Nw) 

35 

17 9 

87 4 

9 1 


4 SG 


1 

Mitochondria (Mws) 

5 8 

26 9 


9 4 




r 

Microsomes (P) 

41 3 



62 4 




I 

Supernatant fluid (Sj) 

2 2 

22 7 


12 3 

0 07 


■n 

0 

Nw Mw 2 ■}“ P 4" S 2 

84 3 

99 7 

87 4 

93 2 






* Mean values of four experiments 

t ((Amount in fraction)/(amount in homogenate)) X 100 For fraction 11 1 
zyme units or mg of constituent per gm of perfused liver tissue are added mpia 
theses Argmase units are expressed as imcromoles of urea formed per minut’’ 
pH 9 5 and 25° 

tEnz 3 me units or micrograms of constituent per mg of total nitrogen,! 
homogenate concentrations are taken as unity The latter arc also recorded 
absolute terms in parentheses 

§ The ratio RNA DNA was 2 61 and 0 27 in H and Nw, respective!} 


to the particles The enzyme concentration in the soluble fraction^ 
w'as disproportionately low" How’ever, enzyme recoveries w ere incomr 
a fact also noticed by Ludewug and Chanutm The loss in cnztaF 
tivit}’- amounted to 5 and 10 per cent after separation and w ashing f'l 
nuclear and mitochondnal fractions, respectively, with the procedure i 
m Table I and increased shghtly w"hen additional purification steP' 
used ^ 

Argmase Activity of Isolated Nuclei — ^The specific argmase actn^r 
isolated rat liver nuclei, m contrast to that of the crude nuclear frr^^ 
has been reported as no higher than that of the original lionio::^ 
This holds true for nuclear preparations obtained with such du enc 

® Spmcoultracentnfuge, t}’peL, rotorNo 30, 17,500 and 30,000 r p m ,rc f 
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ods as dispeision in citiic acid with the Waiiiig blendoi (19), grinding of 
tissue homogenates in isotonic suciose medium by means of a special steel 
null (20), and fiactionation of dehydiated tissue by giadient centrifugation 
in non-aqueous media (21) Table II shows that the relative argmase 
concentiation in nuclei puiified by the comparatively mild pioceduie of 
gradient ceiitiifugation in suciose solutions lemamed as high as that of the 
ciude nucleai fractions It did not inciease, however, as one would expect 
it to do if the aiginase veie bound only to DNA, because the relative con- 
centiation of this specific nucleai constituent inci eased 2 6 times during 
purification This disci epancy miglit be due in part to the solubihty of 
argmase in the calcium lon-contammg sucrose media An additional pos- 
sibility IS the piesence in the ciude nuclear fraction of microsomal elements 
of high specific argmase activity which were removed during purification 

Table II 


Argmase Achviiy and Comj)osilion of Purified Liver Nuclei* 


Denotation 

Argmase 

Total N 

DNA 

RNAt 

Per Cent amount m unfiltered homogenate 

9 3 

4 5 

57 3 


Concentration, units or 7 per mg N 

57 1 


1284 5 

192 8 

Relative concentrationf 

2 1 


12 8 

0 6 


* Mean values of tn o experiments 
t RNA DNA = 0 15 

t With reference to concentrations in unfiltered homogenate 


Even the purified nuclear fractions were not homogeneous microscopically 
The most conspicuous contaminations were collapsed cell membranes and 
some larger structures, which appealed to be cytoplasmic aggregates and 
might have contained microsomal material Since attempts at separating 
the contaimnants from the nuclei by filtration or fractional centrifugation 
were unsuccessful, their argmase activity remains unknowm 
Elution of Argmase by Cations — Since manganese ions preserve the ac- 
tivity of argmase for extended storage periods, it was thought possible to 
improve on the enzyme recoveries by adding 5 mmoles per liter of man- 
ganese sulfate to the supernatant flmd of the crude nuclear fraction This 
procedure, howevei, led to the removal of argmase from the particles 
Hence, a more detailed investigation of the solubihty of nuclear and micro- 
somal argmases in the piesence of electrolytes was undertaken 
In the expenments hsted m Table III, the ciude (once washed) nuclear 
raction, -vx^ashed two additional times mth either electrobde-fiee 

01 Glectiol3d;e-contaimng isotonic sucrose solution The lesuspended nu- 
c ear sediment and the two combined washings are designated as Nv 3 
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niul IIS:, rcspectnelv Since the sulfates and chlondes of nianganoc, 
inagne'iuin and sodium gaA e identical results, the data obtained with 
botli tipcs of salts haie been pooled and onlj^ the cations under stud\ re 
corded It is e\ ident that divalent cations at a concentration of 10 mcq 
per liter extracted SO to 90 pei cent of the arginase activity, but onlj 10 to 


T\ble III 


Pilrachon of Arginase and Nitrogen from Nnelear Fraction of Rat Liter 
hy Cation-Containing Isotonic Sverose Sohdwn 


C'lliott 

(fi 

Per cent extracted* 

UeKtix c 

specific arginase actuitjt 

T\ pc 

Concen 

Uation 

o C 

O c* 

Arginase 

Nitrogen 

Ntt 

Nm 

IIS, 


m eg 
per 1 

0 0 

2 

29 3 

52 2 

1 47 

2 10 

0 SG 


5 0 

1 

(26 S, 31 8) 
20 0 

(52 0, 52 3) 
45 0 

(1 36, 1 56) 
1 64 

(2 09, 2 12) 
2 26 



10 0 

3 

10 S 

37 4 

1 59 

2 26 

0 43 

K-" 

10 0 

1 

(7 5-12 S) 

12 7 

(30 4-44 0) 
38 4 

(1 26-2 06) 

1 64 

(1 99-2 74) 

2 26 

l(jK&|g| 

Ca"" 

0 30 

1 

28 3 

50 1 

1 54 

2 52 



3 0 

3 

20 9 

22 4 

1 39 

1 43 

1 27 


10 0 

3 

(13 0-27 4) 
79 1 

(13 7-30 6) 
10 8 

(1 38-1 40) 

1 46 



Mg++ 

1 0 

1 

(78 0-Sl 0) 
14 0 

(6 5-15 0) 

43 0 

(1 25-1 57) 

1 93 




10 0 

2 

85 8 

22 3 

1 96 

0 36 


Mn++ 

2 5 

1 

(S3 0, 88 C) 
15 4 

(22 0, 22 6) 
10 9 

(1 92, 1 99) 
2 65 




5 0 

2 

09 5 

11 2 

2 24 

0 78 



10 0 

3 

(60 4, 72 6) 
92 2 

(10 0, 12 3) 
17 4 

(2 20, 2 28) 
2 09 


iH 




(88 6-94 0) 

(14 8-22 5) 

(1 86-2 31) 


(8 8-14 4) 


* 100 X (amount in HS 2 )/(amount in Nwj + HSj) 

t (Units per mg of N in fraction)/(umts per mg of N in original homogenate) 
Most of the Nil values are computed from the measured Nwj and HS" value'! 


20 per cent of the mtrogen of the nucleai fraction The w ater-cicar ex 
tracts exhibited up to 18 times the specific activity of the original homogen 
ate In contrast, v ashing vath plain sucrose solution removed more 1119*’ 
gen than arginase, the specific activity of Nvs exceeding that of 
Sucrose solutions, supplemented vith monovalent cations up to 10 
per liter or with dnalent cations below 2 5 m eq per hter, beliaxccl lih" 
plain sucrose solution In connection vath the identical specific 
activity of crude and punfied nuclear fractions, it should be noticed tns 
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the presence of 3 6 m eq per litei of calcium ions, the concentration used 
m prepanng homogenates foi the isolation of nuclei, caused some elution of 
the enzyme, as indicated by the fact that the specific activities of fractions 
Nw, Nws, and HS 2 were almost identical 


Table IV 


Extrachon of Microsomc-Bound Argmasc by Cations 


Cation* 

t 

u 

Per cent extracted 

Argmase relatixe specific activityf 


Con 

& 
u cn 







Type 

cen 

0 g 

Argmase 

Nitrogen 

RNA 

P 

Pw 

s, 


tion 

0 c 

s; 








meg 
ftr 1 








None 


5 

7 1 

9 6 

10 Of 

1 51 

1 55 





(2 6-12 5) 

(7 2-13 2) 

(7 6- 

(1 37-1 70) 

(1 39-1 65) 







13 6) 



2 12) 

K+ 

10 

1 

6 5 

4 6 

0 1 

1 42 

1 40 


tt 

77 

1 

90 9 

14 7 

0 0 

1 45 

0 15 

8 94 

u 

155 

2 

92 7 

20 2 

0 1§ 

1 71 

0 16 

7 86 





(19 4, 21 0) 


(1 65, 1 77) 

(0 14, 0 17) 

(7 25, 









8 47) 

Ca++ 


1 

79 5 

9 9 

1 3 

1 49 

0 34 


Mg++ 


1 

84 9 

9 8 

1 1 

1 71 

0 29 

15 1 

(C 


2 

86 8 

10 7 


1 74 

0 26 

14 1 




llWMaiHlll 

(10 0, 11 4) 


(1 65, 1 82) 

(0 23, 0 29) 

(12 4, 


1 


1 





15 8) 


* Isotonic solutions of the chlorides (0 155 m KCl, 0 1m divalent cations) vere 
diluted to the desired concentration v ith 0 25 m sucrose solution 

t P) Pw, and S 3 refer to unwashed microsomes, once washed microsomes, and the 
corresponding supernatant solution, respectively Other denotations as in Table 
in The microsomes were resedimented by centrifugation at 40,000 r p ni 
(105,000 X g) for 30 minutes 

f Three expenments in which the extraction of argmase averaged 10 per cent 
§ One experiment 


The data in Table IV demonstrate that 80 to 90 per cent of the micro- 
some-bound argmase was eluted by a single extraction with sucrose solu- 
tion contaimng 10 m eq per liter of divalent cations It is of mterest to 
Rote that 90 per cent elution was also achieved when the potassium ion 
concentration was raised to 77 m eq per hter, z e , it was approaching the 
inti acellular level The only difference was that more mtrogen than in the 
experiments noth divalent cations was extracted Plain sucrose solution 
extracted small yet vanable amounts of argmase In addition, the ex- 
racts contained roughly 10 per cent of the microsomal RNA, whereas in 
e ectrolyte-containing media a maximum of 1 3 per cent was eluted It is 
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possible that, in the absence of electrolj’tes, vanable amounts of arginn'o 
containing degradation products of the nucrosomes remained in solution 
IniraccUuIar Dislnbidwn of Magncsnnn Zo/is— In \aeu of the elution 
of particle-bound arginase by added divalent cations, information vasde 
‘'irablo on the quantity and distribution of the cations oiiginally present m 
the In or preparation Particularly, it vas thought that bound cation, 
might hinder binding of arginase by particles, and theieby determine tho 
chstnbution pattei n of the enzjmie Since magnesium represents the qinn 
titatncl} most important intracellular divalent cation, its distribution n 
elect rob te-free isotonic sucrose solution was explored (Table Y) IMn'' 
magnesium, hke aiginase, vas largety particle-bound, its concentration v 

Table V 


Intracellular Distribution of Magnesium in Rat Liver* 


Dc'ifmation 

H 

Nw 

1 

Pw 

Total part 4 
boucdMc 

Distribution, % 

Rclntnc concentra- 

loot 

15 6 

(9 9 -19 6) 

25 6 

(24 2-27 2) 

36 4 

(35 0-38 8) 

77 5 

(72 9-SO 1) 

tion 

1 

1 oot 

1 

1 

1 

0 87 

(0 52- 1 06) 

0 94 

(0 92- 0 98) 

1 53 

(1 44- 1 65) 

1 


* Moan values and ranges of three e\penments in plain 0 25 M sucrose solution 
t IS 7 (IS 2 to 19 0) m cq of Mg per hilo of perfused liver tissue 
t 551 (526 to 585) m eq of Mg per 100 gm of total nitrogen 


tlie arginase-nch miciosomes was higher than in the argmase-poor mif''*- 
chondria or the arginase-rich nuclear fraction Thus, there v as no cone 
lation betv een the distribution of magnesium and that of arginase in 
cell fractions studied 


DISCUSSION 


The binding of arginase to nucleic acid-containing particles is in keepm- 
mth the observation of Moss (22) that the activity of arginase preparatioc' 
IS inhibited by adding yeast nucleic acid, and restored by increasing 
manganese ion concentration The ready release of parfcicle-bounfl i!" 
gmase bj’’ cations at or below their mtracellular levels strongly siiggc-' 
that the distribution pattern in electrolyte-free aqueous media is an arfi 
fact It IS probable that arginase, like the argmase-condensing cnriaF 
(23), belongs to the soluble fraction of cytoplasm . 

Recent electromicroscopic observations of Watson (24) indicate that ^ 
membiane of mammahan nuclei contams sufficiently large pores to pc^a* 
passage of protem molecules Anderson’s (25) stuches of isolated rat in ‘ 
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nuclei have shown that pcnetiation of the membrane by protein molecules 
IS possible m vitio Theieis thus evidence available in suppoit of the view 
that the pioteins of the soluble phases of nucleus and cytoplasm may be 
in diffusion equilibrium This would explain the fact that aiginase is 
found in both nucleus and cytoplasm of livei cells and that, with seveial 
of the isolation piocediiies emplo 3 'ed by othei investigators, the enzyme 
concentration in both cell components is identical 
Whether the affinity of aigmase to nucleic acids has biological significance 
IS obscure Lang ct al (20) suggested that aigmase is formed in the nu- 
cleus The amount leleased into the cj^toplasm could possibly be governed 
by the intracellulai concentrations of fiee cations, but no evidence foi this 
interpretation is as available Foi the puiification of argmase, how- 
ever, its separation fiom the majoiity of soluble pioteins by fractional 
centnfugation in electioliTe-free media and its subsequent release from 
the nucleic acid-containing particles by cations may be useful prehminary 
steps 

The danger of ledistiibution of enzj’^mes thiough diffusion and adsorp- 
tion upon disruption of the cell has been fiequently mentioned, though 
known instances are rare Oui data indicate that the absence of cations 
in the homogenization medium may cause adsoiption Howevei , foi the 
effective separation of mtiacellular paiticulates by fiactional centrifuga- 
tion, electroljde-free media are essential Exposure of the sepaiated par- 
ticulate matter to salt solutions of intracellular composition seems to offer 
a simple check on the degree of association between enzyme and particle 

SUMMARY 

After fractional centrifugation of rat liver homogenates in isotomc su- 
crose solution, 75 pel cent of the aigmase activity was recovered m the 
nuclear and microsomal fractions Purification of the nuclei by density 
gradient centrifugation did not dinnnish their specific argmase activity 
However, supplementation of the medium ivith 10 m eq per hter of di- 
valent or 77 m eq per liter of monovalent cations resulted in practically 
complete elution of the enzyme It is concluded that the localization 
pattern obtained m electrolyte-free sucrose solution is a preparative arti- 
act caused by binding of argmase by nucleic acids The enzyme appears 
c a constituent of the soluble fraction of cytoplasm 
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KYNUEENINE AND IIYDROXYKYNURENINE AS 
PRECURSORS OF NIACIN 
IN THE RAT=^ 

B\ L M HENDERSON, R E KOSKI.f and F D’ANGELIJ 

{From the Division of Btochcmisfrij, Dcparlmeni of Chemislrij and Chemical 
Engineering, Unwcrsiiij of Illinois, Urhana, Illinois) 

(Received for publication, April IS, 1956) 

While kynuienmc has been clearly implicated in the synthesis of niacm 
from tryptophan in Ncurospora aassa (2, 3), theie have been conflictmg 
reports regarding its role as a niacin precuisor in animals It has been 
reported not to support growth (4) or to increase excretion of iV^-methyl- 
oicotmamide (5) m rats Other investigators found that kynurenine pos- 
sesses macm-replacmg activity for growth (6) and for the stimulation of 
irmary A^-methylmcotinamide (7) 

3-Hydroxj^kynuremne, which is involved m the formation of eye pigment 
by Drosophila (8), also appears to be an mtermediate m the biosynthesis 
jf macin m Neurospora (9) The suggestion that this compound is a pre- 
lursor of 3-hydro\yanthramlic acid has been supported by the demonstra- 
tion that kynuremnase catalyzes the removal of the side cham (10-12) 

The ability, though hmited, of kynuremne and 3-hydroxyk5murenme to 
give rise to urmarymacm, qumohnate (13), and N^-methylmcotmamide (7) 
mdicated that further studies of the capacity of these compounds to replace 
oiacm for grovi;h should be made The results of experiments reported 
below mdicate strongly that both compounds are effective m this regard, 
particularly when admimstered by the mtrapentoneal route Also pre- 
sented are data obtamed from studies in intro which show that rat liver 
catalyzes the formation of quinolmic acid from hydroxykynurenme, but 
tiot from kynuremne 


Supported in part by a grant from the United States Public Health. Service (No 
674), and a grant from E I du Pont de Nemours and Company, Inc , to the De- 
partment of Chemistry and Chemical Engineering A prelimmary report has al- 
ready appeared ( 1 ) 

t Some of these data have been taken from a thesis submitted by R E Koski in 
par la fulfilment of the requirements for the degree of Doctor of Philosophy in 
enMtry m the Graduate College of the University of Illinois 

resent address, Istituto di Chimica Farmaceutica, Umversith di Padova, 
i^adova, Italy 


479 



VND inDROX'iK'iNbREXINL 


N’t 


i:\rnRiME\TVii vxd results 

C, row'll Expcnmtnh — Weanling lats from the local colons,, ^\clch)! 
T) to '>0 cm , were vi-ecl to clclcimme the macm-ieplacing actuitj of k\ii, 
ronme tiul h\ dro\\ kMiuremne For the first experiment, fcmalcv 
ompltncd, inale‘- were u‘-cd for the second and third expeiiments on growl! 

V d per ( ent ca^em-sucrose diet supplemented with 0 2 per cent L-ci?tii 
•nd 0 1 per cent nL-threomne (14) was fed ad hbitinn This diet results] 
I ^e\crc nncm-tr\ ptophan deficienc} m 1 to 2 weeks, and weanling ra* 
not supplemented, rarch gain more than 20 to 30 gm in 5 weeks T! 
I -tr\ptoplnn, i -kj mircmne sulfate, and 3-hydro\5’'-DL-k5mureninc used 
thc'-e sividics were the materials previously described (13) 

Table I 


I Pfccl oj i,-KiimiTCninc and h-Trypiopkan in Replacing Niacin for Rat Grotcll' 


Compound administered 

Daib dosage 

Average gro-C 

Potonic glucose 

iimoUs 

gm flrirl 

1 5 

L K^nurc^une sulfate 

25 

10 0 

t( ti 

50 

0 7 

L-Tr\ptoplian 

25 

11 2 


* \mm ilh were injected intrapcntoneally with 25 /jinolcs per dose in 1 ml ot t o 
tonic glucose solution at pH 7 0 When 50/iinoles were administered, two injectio'^ 
were gnen, G hours apart 


In the first expenment, female rats -which received the niacin-frce die 
w ere gi\ en L-kynuremne mtrapentoneally each day for 3 w eeks Ncgatm 
and positne control groups received isotonic glucose and 25 pmoles perdw 
of L-tryptophan, respectnely The results (Table I) clearly demonstn'e 
that L-kynuremne is approximately as active as additional trj'ptoplian ' 
supporting the growdh of niacm-deficient animals under these conditior 
A second expenment was designed to compare the niacin-replacmg 
ti\it 3 of In'droxj'-DL-kjmurenine, DL-trj'^ptophan, and macin when gi'<' 
m the diet or bj*^ intraperitoneal injection Both niacin and trjptopf’'"^ 
supported grow th at rates considered good for a 9 per cent protein di 
while hj droxykjmurcnine was less effective, especially when the conipo’ii' 
w as mixed m the diet (Table II) The group w'hich received the S-ludro’C^ 
kjmuienmebj' intraperitoneal injection at approximate!}' the same 
of intake grew' better, but not as well as those animals receiving ni'''’^'’ ' 
trj'ptophan Although these results indicated that hydroxj kiniin^n''' 
can be converted to pyndine nucleotides in the rat, the results were no 
decisive as w ould be desirable 
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Anotliei expeiimont dealing with this point gave inoie definitely positive 
results Male lats which had almost ceased to glow, owing to niacin 
deficiency, i\erc caused to lesume giowth by injection of the pioposed 
piecursois of pyridine nucleotides The lesults (Table III) clearly indi- 


Tabll II 

Effect of H r/di oxy-vh Kynurcmnc, Tryptophan, and Niacin on 
Growth Rate of Niacin-Dcficicnt Rats* 


Supplement to deficient diet 

Jfodc of idministration 

Growth, gm per 
wk for 5 wks 

None 


7 4 

2 5 mg % macin 

In diet 

19 3 

51 “ % DL-tryptophanf 

tt ft 

25 8 

56 “ % hjdro\y-DL-kjnureiiinet , 

ii tt 

9 4 

25 fimoles DL-tryptophan per day 1 

Intrapentoneally 

24 1 

25 “ hjdroxj -DL Ivj nurenme j 

tt 

' 14 2 


* Four animals per group 

t Ingestion of 10 gm of diet per day being assumed, the dosage in these two group 
would be 25/imoles per day 


Table III 


Curative Effect of Hydroxy-Vh-Kynitreninc on Growth of Niacin-Deficient Rats* 


Compound mjected, 25 /itnoles per daj t 

Weight gam m 9 days 

1 Mean 

Range 

None 

gtn 

2 2 

gm 

~2-+8 

u Trj^itophan 

41 5 

37-44 

3 Hydroxj anthranilic acid 

38 0 

29-46 

Hydroxy-DL-kjTiurenine 

19 8 

12-24 


Four rats per group All rats received the niacin-free, 9 per cent casein diet, 
supplemented with 0 1 per cent DL-threonine, until growth had ceased 
t Two intraperitoneal injections in isotonic saline 6 hours apart 


cated that hydroxykynurenine has macin-replacing activity for the rat 
when given mtraperitoneally, although it is less effective than tryptophan 
or 3-hydroxyanthramlic acid No direct comparisons between kynurenine 
Md hydroxykynurenine were made, but the dl form of the latter at 25 
gmoles per day was approximately as effective for growth (Table II) as 
25 gmoles of L-kynuremne (Table I) These studies on growth confirm the 
earlier report (6) that kynuienme is active and thej^ support the excietion 
JTe of evidence (7, 13) that kynurenine and hydroxykynurenine are inter- 
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iiuilptf" or cm be rcuhh coincitcd to inteimcdiatcs in the transform 
tio’i o! trcptoplnn to nncin 

VI I ifro— attempts to foim niacin fiom trj'ptoplianintiicpru 
t nee of \ annip t\ pcs of sui \ iving tissue ha^ e in general been nnsuccp<: fu] 
rip formation of kMiurcninc from tijptophan in the presence of In crprip- 
aritions occurs readih (15), but the presumed next step, the hyclrow latm- 
of k\ nuremne, has not been achieved Products obtained in attenipf? to 
get tin- reaction to proceed in iitro include kjmuiemc acid, anthnnul' 
acid, mil a lompound aiising from anthranilic acid, which has been tout'- 
Inch identified as a phenolic ester of S-hj’-dioxyanthramhc acid (IG) 


T\imE IV 

Coiiicrsiou of Kymircnmc and Hydroxylyinircnvic (o A^iactn and 
Qmnohnatc hy Liver and Kidney Preparations 


Tissue 

Substrate 

Increase in 
qumolmatc 

Perct t 
conien o. c' 
substntf t5 

quico' j t 

Lucr «hccs 

None 

y 

0 

0 

l( 

l-Kj nuremne 

12 

1 c 

4 ( << 

Hj droxj -DL-k> nuremne 

1G7 

25 

14 (( 

S-Hj'droxyantbrnnilatc 

C12 

92 

“ homogenate 

li-Kj nuremne 

0 

0 


Hj'droxj -DL-kjmuremnc 

1C9 

2o 


3-Hj droxjmnthraminte 

550 

se 

Kidnec «hces 

L-Kjmuremnc 

IG 

1 5 


Hydro\y-Di>-kjTiuremnc 

20 

2 1 

Luer and kidnej slices 

l-Kj nuremne 

14 

1 8 


Hj dro\ 3 ’’-DL-kynuremne 

113 

15 3 


In the expel iments reported here, rat liver and kidney slices and homn: 
enates vere employed, alone and in combmation, in efforts to comert 
kynurenine and hydroxj’^kynurenme to 3-hydroxyanthranilate Rat iiii 
readilj oxidizes the latter, almost quantitatively, to quinolinic acid, tlicrf 
fore, tlus system pro\ ides a very sensitive method for detecting the fomv 
tion of 3-hydrox>anthranilate 

Tissues vere piepared from adult male lats neighing approximatch 3(^1 
gm The slices and homogenates nere incubated for 3 hours nith 
strates in Kiebs-Ringei -phosphate buffer at pH 7 4 in an atmosplien; 
air, at 37°, n ith shaking After being heated on a steam bath for 3 ininu*' 
the protein nas removed and the filtrate chromatogiaphcd on Wlnt'a- 
ISTo 1 paper n ith the methanol-71-butanol-benzene-watei (2 11 1) 

The niacin content before and after autoclaving nith acetic acid (H) 
deterrmned microbiologically The increase resulting from the acetic fi 
treatment is considered to be solely the result of decarboxylation of 
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linic acid Clironiatographic studies suggest tliat all of the nicotinic acid 
icleascd b 5 '' heating ^Mth glacial acetic acid aiises fiom a substance with 
an Rr vJiluc coiicsponding to that of quinolinic acid 
The lesults (Table HO indicated that, wdule 25 pci cent of the 3-hydioxy- 
Dii-kynureiiiiie uas couvcitcd to quinolinate by cither homogenates or 
slices of liver, an insignificant amount of kynuicnine was converted to this 
product ICidney slices and homogenates failed to conveit significant 
amounts of either substrate to quinolinate It seemed possible that hy- 
droxylatiou of kynuienmc could occui m kidney tissue wluch lacked the 
kynureninase to foim 3-hydio\yanthranilatc Consequently, both sub- 
strates were incubated uitli mixtures of liver and kidney slices The 
kynuremne vas again not converted significantly, but hydroxykynurenme 
gave rise to quinolinate 

The chromatographic results indicated that both anthranilic acid and 
kynuremc acid vere being formed from kynuremne by hver slices, whereas 
kjmurenic acid, but not anthramlic acid or its derivatives, was produced 
by kidney No evidence foi the formation of hydroxykynurenme oi 
xanthuremc acid or then derivatives u as obtained with kidney, but xan- 
thuremc acid did appear when the substrate was hydroxykynurenme The 
chromatographic data obtained are consistent with the view that under 
these conditions kynuremne is not hydroxylated by liver or kidney or both, 
but that hydroxykynurenme is converted to hydroxyanthramlate by liver, 
but not by kidney 


DISCUSSION 


iCynurerune and hydroxykynuremne are about equally effective as pre- 
cursors of unnary qumolmate t7i vivo These compounds are metabo- 
lized in such a manner that xanthuremc acid is a more important excretion 
product than qumolmic acid, whereas tryptophan gives more quinolmic 
acid m normal rats (13) Thus, it is evident that, if kynurenme and hy- 
droxykynuremne are direct intermediates m the formation of qumolmate, 
the provision of these compounds per se leads to a distmctly different me- 
tabolism quantitatively than if they arise from tryptophan within the 
animal The results do not exclude the possibihty that derivatives of ky- 
nurenme and hydroxykynurenme are the true mtermediates The biologi- 
cal activity of these compounds could result from limited conversion to the 
^ore active derivatives, as has been suggested (18), but such derivatives 
have not yet been identified 

be failure of the tissues tested to - kym 'p may be the 

result of choosmg the tiss’ arable ■ uon with 

^urenmase and not the true 

^bstrate for this ■’tie "tion 

bynurerune m i 

reported by * 



5^5 


k^miiFMnk and nYDRox'iKyvunnMNn 


••’luht coinon-ion of kyiiurcnine to qumolinate (1 to 2 per cent) nottvij 
t'l' ‘-ttidics ina\ bo the result of slight non-enzymatic hjdroxjlation I, 
thr In (lro\} htion is as slo\\ in thcratasthe excretion studies indicate (lb 
tbn non-^necifie h\ droxj lation might account for all of the \antli\in.* 
"i 1(1 •’ud quinoliinc acid foimed from kynurenme On the other 
III ijor part of traplophan guen to \itannn Bfi-deficient rats is com ertoi !-. 
N'tnthurcnic acid, presumably aia hj droxjdation of kjnuremne or a da 
related compound It is doubtful aahetlier non-specific hjdrowht' 
('ould account for this rapid transformation ^ 

SUMilARY 

1 l-Kj nurcnine sulfate and 3-hydi o\y-DL-kynuremne support the groa 
of nucm-dcficicnt rats somenhat less effectively than tryptophan Ti' 
latter compound is more effectnc when injected than when incorpora!.] 
into the diet 

2 Hat In Cl slices and homogenates catalyze the conversion of In drew 
k> nurenme to qumolinate, but do not hydroxylate kynuremne appreenWv 
Kidncj slices were inactne in conveiting kynuremne or S-hj’^droxj kiaiua 
nine to qumolinate 
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Previous studies (1-7) on the papei chiomatogiaphy of phospholipides 
have in most cases been limited to a few individual puie lipides, veiy httle 
having been reported on the chiomatogiaphy of total phosphohpide ex- 
tracts of tissues (5) Furtheimore, there have been no publications deahng 
with factois wlucli influence the papei chromatographic behavior of the 
phosphohpides Studies along these lines are presented in this commum- 
cation 

An investigation was fiist made of the behavior of pure phosphohpides 
of known structure This w'ork gave important information on how fac- 
tors such as the mode of application of the lipides to the paper, concentra- 
tion, degree of unsaturation, chain length, ionic groups of the lipides, and 
solvent polarity influence the mobilities of these compounds Individual 
solvents w'ere studied first and then mixtuies of the solvents were devised 
lomc solvents consisting of nuxtuies of neutral organic solvents ivith 
orgamc acids or bases, or with a mixture of an acid and a base, proved to 
be the most promising 

These solvent systems gave good i esults on lipide extracts of a vanety 
of rat tissues It is felt, therefore, that the expeiimental data presented in 
this paper should be useful to both those investigating the metabohsm of 
the phosphohpides and those interested in stud3ing the phosphohpide 
composition of tissues on a micro scale 


Techniques and Reagents 

Pure Phosphohpides — Synthetic lecithins, cephahns,^ glycoUecithin,^ 
^nd phosphatidic acid were obtained through the courtesy of Dr E Baer 
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etb dosignates diacylglycerophosphorylethanolamine (or phosphatidyl 

1 ^mine) , glycollecithin designates the “lecithin” analogue containing ethylene 
®it^le^ of glycerol, hydrolecithin designates the naturally occurring dipal- 
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o’ tho Uni\er 5 a\ of Toronto, and dipnlmitoleyliccithin ^\ns a gift I), 
P Ihinhnn of the Unncrsilv of Wa‘=hington jMonopalmitolcxlkitl - 
(h-nVatJiin) prepared as described bv Hanahan (8), ccramidel)\ d 
Tiifnliml of 'Fropp and ■\Vicdcrsheim (0), and sphingomyelin and Imini 
k itnin' wore obtained bv the proceduie of Thannhauser and Bonceik 
pOl Ceroliro'^idc was prepared from beef brain Tlie puntv of (1 
anniioiuub was rliecked by elementary analy'sis and by infrared 
tro''op\ (II) 

So^'^nls— The following sohents were used baker’s analyred aci' 
ai 1(1 chloroform, and isoamyl alcohol, hlallmckiodt analytical grade nk 
lute methanol, and Eastman Kodak 2-octanol (white label) and lulitl 
(lot Xo T ISOO) j\Ii\ed solvents were prepared by volume 

Othrr Reagents— The fluorescent dyms, rhodamme B and G and fast r 
\ inlet GKF, were obtained from the Biological Stain Comnussion and lure 
‘samples of dyes from the National Anihne Division, Allied Chemical nH 
Dye Corporation, Buffalo, New' York 

Chromolonraphc Chambers — The papers were run by the ascending ted’ 
nique in chambers which were previously equilibrated w’lth the solunt 
for about S hours, with the exception of those containing octanol-ncctF 
uid ^ohent, which were equilibrated for about 2 hours Cylindrical gh' 
fhambers were used which have an inside diameter of 6, 10, or 12 indif 
ind a height of IS inches These w’ere Imed wnth filter paper which 
wet with the de\ eloping sohent Equilibration of the chromatograplii' 
p iper in the chamber before beginning the run was found to be iiniiccc 
san ‘(nice no change in the Rp values of the phosphohpides wms ohsened 

Filter Paper — ^^^^latman No 1 paper was washed extensively bj th’ 
descending technique with 2 n aqueous acetic acid In some cases the pafV 
was further washed with water and then with methanol After thoroud 
dry mg b^ air, the papers w ere heated at 105° for 15 minutes and then stored 
in a clo'^ed draw ei Our experience wnth phosphohpides confirms the "O’f 
with carboxylic acids and water-soluble phosphate esters in which ofk' 
have ‘^hown that spot distortion can be minimized by acid washing (12, Id’ 

Detection Methods — Before the detection methods w ere used, the chron”' 
tograms were dried in air at loom temperature from 8 to 24 hours, wadicdi‘ 
distilled water for 10 minutes, and again dried in air Tins not onh 
mo\cd excess sohent which, when present, decreased the scnsitiviti of 
tc«t reagents, but also eliminated certain water-soluble substances such"' 
orthopho'jphate, phosjihate esters, nucleotides, urea, and ammo ncak I'hi ^ 
might interfere with some of the detection tests in the case of a hpidce\fo''- 
of a tissue The wa’^hing procedure did not cause a loss of hpidc frouit 

Staining reaction with rhodamines B or G, or wuth fast acid Molct u ■ 
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was used as a gcneial test foi all the hpiclcs The eluomatogiams weie 
dipped into a 0 001 pei cent aqueous solution of the dye, allowed to stand 
about 10 minutes, and then \\ ashed foi a few nunutes \\ith watei to remove 
the excess dye The hpidcs w ci c st amed by t hese dyes and exhibited either 
j^ellow, pink, oiaiige, oi blue fluoicsccncc undci ultiaviolct light- Theie 
was a consideiablc vaiiation in the sensitivity of the dye with change m 
solvent S 3 ^stem and vith difTeicnt hpidcs Foi the detection of phosphate 
esteis, the Hanes and Ishciwood leagcnt (13) vas spiayed on the chroma- 
tograms, vhichveie then allowed to stand foi 30 nunutes to 1 houi at loom 
temperature and placed m an o\cn at 85° foi 8 to 15 nunutes Aftei le- 
raoval from the oven, the papei w'as exposed to da 3 dight until the blue phos- 
phate aieas ivere insible Lipides which contain a fiee aimno group w^ere 
detected by spra 3 mig the eluomatogiams with a 03 pei cent solution of 
mnhydrin in ?i-butanol saturated with watei and contaimng 5 per cent 
lutidine Aftei standing in subdued light at room temperature, the blue 
colors developed Unsaturated hiudes weie detected by dipping the chro- 
matograms mto a 1 per cent aqueous solution of IC\'In 04 for 1 to 2 nunutes 
and w ashmg out the excess permanganate wuth i mining wmtei The hpides 
appeared as browm spots Chohne-contaimng hpides w'eie identified by 
the method of Levine and Chargaff (14) Cliromatogi ams must be w ashed 
free of lutidme for a satisfactory test The hnut of sensitivity of the dye 
and mnhydrin tests was about 10 y, wheieas wuth the other tests it was 
about 50 7 


Application of Lipides to Paper — The method of apphcation of the hpides 
to the paper was found to be an impoi tant factor in deternumng the over-all 
chromatographic picture Each phosphohpide wms apphed on a Ime 2| 
inches from the lower edge of the papei at a concentration var 3 ang from 10 
to 100 7 on a volume of 20 pi Twm solvents w ere found to be satisfactory 
for the apphcation of the phospholipides The fiist, isoamyl alcohol-ben- 
zene (1 i)j gave umform distnbution of the lipide over the spot area, wms 
stable, dissolved all the hpides except purified acetal phosphohpide, and 


gave rise to satisfactory spots w'hen the chromatograms wmre developed 
The second solvent, lutidine-acetic acid (3 1), gave sirmlai results and in 
addition sometimes 5 aelded better spots Howmver, the Rf values obtained 
after apphcation in the latter solvent were lower than w^hen isoamyl alcohol- 
enzene (1 i) -^yas used, and the lutidme-acetic acid mixture became dis- 
co ored on standing for a few days, even in the cold The isoamyl alcohol- 
enzene mixture was used m almost aU of the experiments Acetal 
P ospholipide wms apphed m hot lutidme-acetic acid or in wet chloroform 


A G W Gates and Companj^ Lamp, 366 mju wave length v as used as the source 
of ultraviolet light 
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'Jo ' - rul of Phofphohpidcs vi Imliudttal Solvents — The first stpj) m t> 
(]' .olopineiit of tohent s\fctcms \\as to determine the capabiht\ of ^n^ 
nuluuiu'l '•oh cuts to mo\c the phosphohpides on paper The rr-i’ 


T\bie I 


Iklnt onJiip of Soheni PolariHi and Phosphohpidc Sohibihtii 
to Chromatographic Behai tor of Phosphohpides* 


! 

1 

IrdoiiiLil} soUent 

Rclit!\c mobililv of 
lecithin, cephahn, and 
sphmKomjcIin 

Rclaliic joluhilit); c' 
lecithin, ccnhaln, s»’ 
sphinRomvcfm m «ol\t 

Po! >r [ 

Vlcohols (methanol) 
Carboxv he acids (ace- 
tic acid) 

Near solvent front 
To solvent front 

Moderiteh sohililc 
Very soluble 

( 

Pnmirj amines (pro- 
pvl imine) 

Slight movement 

Slightly soluble 

''hglitlv [ 

jiol ir 

Mkvl halides (chloro- 
form) 

(< H 

Very soluble 

t 

i 

1 

Ketones (vcctonc) 
tldchydcs (bcnzaldc- 
hvdo) 

<< <t 

t< << 

" slightly EoliiWe 

tl tt tt 

1 

Kstcra (ethj 1 acetate) 

[ ethers (n-butvl ether) * 
j Tertiary amines (hi- ' 
tidinc) 

ti (i 

tt tt 

tt tt 

tt f( it 

tt tt (t 

tt it tl 

Non polar 

1 

[ Hydrocarbons (ben- 
rene) 

Mkyl halides (carbon 
tetrachloride) ' 

Ver} slight 

It (i 

" soluble 

<( ft 

1 


* T2ic {)lio‘-{)liolipidcs ^^crc applied in isoamjl alcohol -benzene (1 1) at a concr 
(ration of 30 per 10 pi 

f Other solvents tested which gave similar results to the solvents given eh- 
arc po! ir solvents, ethanol, propanol, n-, see-, and tcrt-butnnol, amjl and isoin ! 
ilcohol, he\ inol, 2-octanol, decanol, formic, propionic, butyric, and isobutvncaci'i*, 
inethvl, c(h>l, and butjl amines, slight^' polar solvents, diethvl ketone, meth 
isopropvl ketone, disobutjl ketone, cyclohevanonc, propionaldchjdc, dimc'i'i 
ether, diovane, isopropj] ether, diethjl ether, pjridine, collidine, quinoline, r'^* 
polar solvents, hexane, cjclohexanc 

X Itclativc solubility at room temperature 


(Table I) sho\\ that solubihiy of the hpide m the solvent is not the " 
factor got enimg the mobility of the hpides, another appears to be the po'v 
ity of the det eloping soh ent If soh ents wth somewhat similar propen'^ 
tvith respect to the solubility of the hpides are arranged in order of ’ 
(c g carbon tetrachloride, chloroform, methanol), the mobility is fo'"’^ ^ 
increase with increase in polarity These results indicate that the p 
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phobpide molecules aic bound to the papei oi iniciact with each other in 
such a waj^ that a solvent must be sufTicicntly polai to bieak these binding 
foices 111 01 del to cause them to nngiate 
Movement of PhosphobpMcs m Solvent Mixhiics — To obtain mobility of 
the phosphohpides, at least one of the components of the mixtuie must be 
polar (Table I) Thus, when the i datively iion-polar lutidine, wduch did 
not move the pliospliohpide, w as mixed w ith methanol satisfactory move- 
ment of the lipides occuiied Although it maj’- appear that a mixture of 
Wo polar solvents w ould not be useful, since movement of all the lipides to 
the front might occur, it ivas found that the Rf values of the phosphohpides 
m such nuxtures weie less than the high values obseived with either polar 
solvent alone, and that satisfactory'^ solvent systems iveie obtained if the 
concentration of the moie polai constituent ivas kept i datively small An 

example of this type of solvent is octanol-acetic acid (99 1) (Table II) 
Other solvents devised on this principle and containing nuxtures of lutidine 
and acetic acid, togethei with an excess of chloroform oi an alcohol, -weie 
developed (Table II) Attempts to improve these systems by the addition 
of aldehydes, ketones, ethers, esteis, or hydrocarbons ivere unsuccessful 
smee these resulted in increased streaking or spot elongation The compo- 
sition of the satisfactory solvent systems (Table II) can be varied ivithm 
fairly unde hnuts in most cases to alloiv the use of the same general type of 
system for different hpide mixtures Since the movement of the hpides is 
influenced not only by the concentration of the vaiious lipides present but 
also by the composition of the hpide mixture, it seems reasonable to assume 
that the solvent systems imght have to be adjusted in older to obtain the 
best chromatograms with the particular hpide mixture under mvestigation 
Thus, the composition of the octanol-acetic acid system can be varied fiom 
99 1 to 99 4, that of methanol-lutidme-acetic acid from 8 16 1 to 4 16 1, 
and that of chloroform-lutidine-acetic acid from 4 4 1 to 8 4 1 
From the Rp values (Table II) certain general conclusions could be drawm 
concermng the movement of phosphohpides on paper Amomc or neutral 
ipides moved to or near the solvent front in all the systems The purified 
acetal phosphohpide, w'hich is believed to differ structurally from the native 
plasmalogen (15, 16), show'ed essentially no movement, and cephahns had 
^ l^^dency to streak The behavior of these latter hpides is undoubtedly 
re ated m part to their solubihty which is much lower than that of the other 
P '^phohpides m the solvents used There was a marked increase in the 
mo ihty of the cephahns with decrease m cham length In contrast, lec- 
I us usually exhibited a shght decrease m mobility wnth decrease in cham 
un^h The greatest change in mobility owing to unsaturation of the fatty 
i lecithm was noted m Solvent System C Although no syn- 

® 1 C unsaturated cephahn was studied, results with tissue hpides (Fig 1) 
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showed that unsaturated naturally occurnng cephahns moved sunilarly to 
the shorter chain synthetic dimyristylcephahn Since naturally occurnng 
cephahns contam fatty acids piedominantly Cis and lughei, unsaturation 
in these compounds inci eases their mobihty 

Table II 

Rp Values of Ptire Phosphohpides* 

The lipides vrere applied in 20 /tl of isoamyl alcohol-benzene (1 1) except for ace 
tal phosphohpide, -nhich was applied in hot lutidine-acetic acid (3 1) 100 7 of 

cholesterol, cholesterol palmitate, tristeann, oleic acid, stearic acid, monopalmitm, 
phosphatidic acid, or ceramide were used, 30 y of each of the other phosphohpidf: 
w ere emploj ed 


Lipide 

Solvent At 

Solvent Bf 



Dimjwistojdlecithm 

0 48 

0 31 

0 40 


Dipalmitojdlecithin 

0 50 

0 34 

0 40 

0 27 

Distearoj llecithin 

0 50 

0 30 

0 40 

0 27 

Dipalmitoleyllecithin 

0 53 

0 37 

0 53 

029 

Monopalmitolejdlecithin 

0 14 

0 29 

0 15 

0 27 

Dimy nstoylcephalin 

0 46t 

0 41t j 

0 34 

0 lOJ 

Distearoylcephalm 

0 05§ 

0 12 § 

0 15§ 

OOaS 

Acetal phosphatide 

0 00 

0 00-0 03 

0 00 

000 

Sphingomyelin 

0 38 

0 33 

0 40 

0 26 

Phosphatidic acid 

0 95 

0 95 

0 95 

0 95 

Stearoylglycollecithin 

0 39 

0 13 

0 30 

0 24 

Ceramide 

0 93 

0 93 

0 93 

0 93 

Cerebroside 

0 85 

0 90 



Other LipidesJI 

>0 90 

>0 90 

>0 90 

>0 90 


* The Rp values shoved some variation owing to temperature changes and solveaf 
changes on standing for several days 

t The solvent systems had the following composition (v/v) Solvent A, chloro 
form-lutidine-acetic acid (4 4 1), Solvent B, lutidine-methanol-acetic acid (16 4 1), 
Solvent C, 2-octanol-lutidine-acetic acid (90 5 6 ), Solvent D, 2 -octanol-acetic acid 

(99 1) 

t Exhibited tailing 

§ Exhibited streaking forward 

II Other lipides include palmitic, stearic, and oleic acids, mono-, di-, and tn 
glycerides, cholesterol, and cholesterol palmitate 

Separation of Mixtures — The usefulness of the solvent systems was tested 
by apphcation to model hpide mixtures Under the conditions given m 
Table II, the amomc or neutral hpides which ran near the front could be 
leadily separated m all the solvents from all the phosphohpides except pbos 
phatidic acid Thus, this method could be apphed not only to pbospb*^ 
hpide but to total hpide extracts Mixtures of lysolecithin, lecithin, 6’^ 
oleic acid were separated in chloroform-lutidine-acetic acid Acetal p os 
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pholipide, lecithin, and pliospliatidic acid wcie scpaiated fiom each other 
in methanol-lutidine-acctic acid 

At the concentiations given in Tabic II, it vas difficult to aclueve clear- 
cut separations of lecithin and ccphalin oi sphingomyehn because the spots 
tended to fuse togcthci Hon cvci , when the concentiation of these lipides 
was reduced to 10 to 15 y pci 20 /il and the spots weie applied in lutidine- 
acetic acid, clean-cut sepal aliens of the pans splnngom 3 ’^ehn and dimyristyl- 
cephahn or sphingomyelin and distear 3 dccphahn weie obtained with the 
chloroform-lutidine-acetic acid solvent, whereas the mixtures distearyl- 
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TO 1 Chromatograms of phosphohpides from rat liver The results are given 
as scale drawings of autoradiograms, vhich were developed on “no screen” x-ray 
m The tests given by each spot are listed in Table III In scale drawings Nos 
) , and 5, the phosphohpides m ere applied at a concentration of 60 y per 20 /il , with 
os 2, 4, and 6 the acet3dated phosphohpides vere applied at a concentration of 160 
7 per 20 al The composition of the chromatographic solvents is given in Table II 


ecithin and distearylcephahn or distear 3 dlecithin and dimyxistylcephahn 
were resolved m the octanol-acetic acid solvent Similarly, separation of 
stear341ecithin and distearylcephalm was achieved in octanol-lutidme- 
acetic acid The model mixtures just discussed represent only a few ex- 
amples of a larger number of mixtures w^hich should be capable of separa- 
'on The acylation techmque reported elsewhere (17) also gave clean-cut 
separations of cephahn and acetal phosphohpide from lecithm and sphmgo- 
n, but allowed the use of higher concentrations of lipides 
‘^O'l^inensional Chromatography and Paper Modification — ^Attempts to 
^crease the range of separations by the use of two-dimensional chromatog- 
ap y were unsuccessful When the second developing system was Solvent 
) no movement of the phosphohpides was observed, when the second 
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S 3 ''stem was Solvent B, the spots obtained were elongated and considerable 
streaking resulted 

Investigations of paper oxidized with periodic acid, and of filter paper 
impregnated vnth mineral oil, rubber, sihcone, formamide, or sihcic acid 
showed that only the sihcic acid paper was successful The results of stud 
les with papeis impregnated with sihcic acid have been published else 
vhere® Recently Lea, Rhodes, and Stoll (18) and Dieckert and Reiser 
(19) have successfully used silicic acid impregnation for phospholipide chro- 
matogiaphy Expeiiments now in progiess show that the solvents in 
Table II are paiticularly smtable for circular chromatography 

Apphcahon io Rat Tissues — ^The chromatographic systems were appbed 
to total hpide extracts of heart and liver of white rats which uere injected 
subcutaneously uuth P^- inorgamc phosphate In the diagrams of the auto 
radiograms of the liver phosphohpides (Fig 1), identification of the lipide 
spots on the chromatograms was made by chemical tests, comparison of 
their Rp values with knovm hpides, and their behavior after acylation (17) 
and selective alkaline hydrolysis These data are summanzed m Table III 
The major phosphohpides of both tissues were found to be lecithin and 
cephahn, which occurred m highest amount and were heavily labeled The 
minor components corresponded to sphingomyelin, phosphatidyl serine, 
acetal phosphatide, and possibly inositol phosphatide The native acetal 
phosphatide moved much faster than the correspondmg reference compound 
but could be identified by its increase m mobility upon acylation Mild 
alkahne hydrolysis of heart hpides prior to chromatography gave nse to a 
new mnhydrm-reacting component which, hke the reference acetal phos 
phatide, showed essentially no mobility In view of the fact that the refer 
ence compound was purified by alkahne treatment, it is clear that the struc 
ture of this latter lipide has been altered during the course of purification 

The failure to find a spot having an Rp value greater than 0 9 in the oc 
tanol-lutidine-acetic acid solvent, even when a large excess of total hpide 
was used, demonstrates the absence of diacylphosphatidic acid in bofh 
liver and heart Since this hpide is assumed to be an intermediate in the 
bios 3 aithesis of lecithin by rat hver systems (20, 21), the failure to find phos 
phatidic acid casts doubt on its role m this process Further studies wth 
rat brain also confirmed the absence of phosphatidic acid Dawson (22) 
has stated that a compound similar to phosphatidic acid is readily labeled 
ivith in Vitro This apparent discrepancy is undoubtedly related to 
different metabohc pathways between in vivo and in vitro systems 

The lesults obtained with rat hver and heart also show the presence o 
umdentified phosphohpides which occur m small concentration and behaie 
hke none of the knoum hpides studied Since some of these show an m 

3 Accepted for publication (Witter, R , Btochim et biophys acta, 21, 168 (^956)) 
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Tabld III 


S 2 >ol Tests for Ltpidcs 177 Fig 1 

All spots g'lve ])crm ingmitc iiicl rhod imnic B 01 G dye tests Radioactive lip- 
idcs vore detected by tlie darkening of the film used for autoradiograms The 
degree of darkening of the film is designated as follows +s = strong positive test, 
+m = moderately strong positive test, d-w = weak positive test, +vw = very weak 
positive test A negative test is indicated by — 
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After acetylation 
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PL = phosphohpide 

t dentification of phosphatidyl senne is tentative This spot failed to give a 
positive test with ninhydnn because it occurred in too low a concentration 
+ nly the upper part of the spot gave test 
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creased mobility after acylation, they are beheved to represent new t 3 'pes of 
ammo-contaimng phospholipides The present studies indicate that the 
phospholipide composition of lat tissues is more complex than former!) 
beheved 


DISCUSSION 

From the experimental data it is possible to offer an explanation on theo 
retical giounds coucermng the chromatographic behavior of phosphohpidfe, 
on papei Such a hypothesis is useful not only for the explanation of tk 
results presented in this paper, but also as an aid for the design of 
new solvent systems and foi the prediction of the chromatographic behawa 
of the phosphohpides 

The hypothesis is based on the observation that a mixture of an excess 
of a relatively less polar solvent with a small amount of a more polar solvent 
caused the phosphohpides to move mth mtermediate Rf values (0 3 to 
0 6), whereas either solvent alone caused movement to or near the solvent 
front This strongly suggests that the homogeneous solvent system sepa 
lated on the paper into two phases An example of this type of system is 
Solvent D (Table II) m which oetanol and acetic acid are mixed in a ratio 
of 99 1 The more polar solvent (acetic acid), present m low concentre 
tion, IS beheved to be more firmly bound to the paper and thus to constitute 
the stationary phase, wheieas the less polar constituent (oetanol) com 
prises the mobile phase The polar phase bound to the paper apparently 
exerts a retarding effect on the movement of the phosphohpides, since they 
are more soluble m this phase Inciease in the concentration of the more 
polar component (acetic acid), which constitutes the stationary phase, re 
suits in greater migiation of the phosphohpides until the point is reached 
(for example, octanol-acetic acid (95 5)), xvhere the phosphohpides more 
near the solvent front as they did when the two solvents were used sepa 
lately Apparent^ this occurs because, as the concentration of the more 
firmly bound solvent (acetic acid) is laised, the capacity of the paper to 
bind it is exceeded, mth the result that more and more of this component 
"spill over” mto the mobile phase (oetanol) mth subsequent increase in 
the mobihty of the phosphohpides 

The major constituents of the stationary and mobile phases of the otter 
chromatographic solvents given in Table II can also be deduced if the as 
sumption IS made that the forces oi factors which bind the individual com 
ponents of these solvents to the paper decrease in this order acetic acid, 
alcohol, lutidine, and chloiofoim Thus the solvents devnsed are of tk 
following tjqies acid-stationary phase (octanol-acetic acid and octano 
lutidme-acetic acid) , base-stationary phase (chloroform-Iutidine-acot'^ 
acid), and alcohol-stationary phase (methanol-lutidme-acetic acid) 
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solvents conlaiiimg both lutichnc and acclic acid, the lutidinium acetate 
formed is believed to be distiibiited between both the mobile and the sta- 
tioiiaiy phases In Solvents A and C, this salt ma 3 ’- play a significant 
lole in the stationaiy phase The phosphohpidcs piobably exist as double 
salts of lutidinunn ncctalc in solvents containing both lutidine and acetic 
acid On the other hand, in the oclanol-acetic acid solvent these hpides 
probably move as the acetate salt 

The data in Table I indicate quite cleailj'- that the phosphohpides aie 
firmly bound to the papei and that polai solvents aie lequiied to disrupt 
these forces Since filtei papei jiossesses a negative chaige, electi ostatic 
forces m part contribute to this binding A sinulai situation exists in the 
paper electrophoiesis of proteins (23, 24) In addition, the polyhydroxy 
nature of the filtei papei pei nuts secondary foi cos such as hydi ogen bonding 
to exert an effect in this icgard In suppoit of these assumptions are the 
axperimental obseivations that phosphohpides having a positive charge, 
te zmtter ions, had much lowci mobilities than neutial or aniomc hpides 
Furthermore, the removal of the positive chaige on the anuno-contaimng 
phosphohpides bj"- acylation pioduced a laige inciease in their mobilities 

Phosphohpides wuth a fiee h 3 ''diox 3 d gioup moved slowmr than corre- 
sponding hpides not ha^^ng tins group The effect of a free hydroxyl group, 
however, m some instances wms difficult to assess because of the influence of 
other factors Although lysolecithm moved moie slowly than lecithin, 
part of this lowering in mobilit 3 ’' ma 3 ’’ be attiibuted to the increase in 
polarity of h'solecithm bi ought about by a i eduction m its h 3 '^drocarbon 
nature owmg to the fact that it contams one fatty acid chain, whereas 
lecithin contains two such chains In this regaid, lysolecithm behaved 
similarly to gl3moIlecithm The decrease in the hydrocarbon moiety of 
these latter hpides makes the contribution of the polar phosphorylcholme 
group to their mobiht 3 '’ much more pronounced Indeed, the increase m 
polarity is apparently large enough to offset their increased solubility m 
the solvents 

The slower mobiht 3 '^ of sphmgomyehn with respect to lecithm m Solvent 
A of Table II may be attributed to its having both an NH and an OH gioup, 
but also may be m part due to its lower solubility It seems reasonable 
that phosphohpides having an OH or NH group could possess lowmr mo- 

ihties than coirespondmg hpides wffiich lack these groups, since hydrogen 

onding with the filter papei can occui Moreovei, this effect should be 
more pronounced m less polar solvents The experimental observations 
support this belief since lysolecithm and sphmgomyehn displayed a moie 
pronounced decrease in mobility wnth respect to lecithm onb'’ m the less 
polar system (Solvent A) 

Another lUustration of the interplay of vaiious factors m determining 
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iipide mobility is shown by the difference in behavioi of homologous lec 
ithins as compaied to homologous cephahns With the lecithins i\hicli 
contain a strongly positive quaternary mtiogen atom, a decrease m chain 
length would make the effect of the positive charge more predominant and 
thus evplam m part the decrease in Rr values with decrease in chain length 
of these compounds On the othei hand, the cephahns contain a weaker 
basic group and consequently a weaker positive charge on the nitrogen 
atom, theiefoie, a decrease m chain length in the cephahns w^ould not be 
expected to produce so great an effect on their mobility Indeed, in con 
trast to the lecithins, the cephahns increased in mobility with decreasing 
chain length Part of the difference in the movement of individual cept 
ahiis may be due to the fact that distearylcephahn is much more insoluble 
than dimyristylcephahn 


SUMMARY 


1 A study of a variety of individual solvents and solvent mixtures 
showmd that polar or lomc solvents were most suitable for the chromatog 
raphy of phospholipides on non-impregnated filter paper Mixtures of 
lutidine and acetic acid vnth alcohols or with chloroform were found to gne 
satisfactory results 

2 Many useful hpide separations were accomplished, such as lecithin 
from sphingomyehn and cephahn, cephahn from sphingomyehn, lysolec 
ithin from lecithin, acetal phosphohpide or phosphatidic acid from all other 
phosphohpides, and phosphohpides (except phosphatidic acid) from fattj 
acids, cholesterol, cholesterol palnutate, ceramide, and mono-, di-, and tn 
glyceiides The separation of lecithin from either sphmgomyehn or ceph 
ahn wms accomphshed only when small amounts of hpides wTre used 
Laiger amounts led to spot elongation and only partial separation 

3 Factors which influence the mobihty of the phosphohpides on papw 
were found to be solvent polarity, temperature, mode of apphcation of th? 
hpides to the paper, and hpide solubihty, concentiation, and structure 

4 These solvents weie applied to P^^-labeled phosphohpides of rattis 
sues The presence of diacyl-phosphatidic acid could not be demonstrated, 
but several umdentified components were detected in these tissues and are 
beheved to represent neiv phosphohpides 

5 An explanation is presented of the chromatogiaphic behavior of tbe 
phosphohpides on filter paper 


Addendum — After the manuscript was completed ■ne received a sample of 
diphosphoinositide through the courtes 3 '’ of Mrs Catherine F McPherson of the 
partment of Biochemistry of the University of Western Ontario This 
applied in hot isoamyl alcohol -benzene (1 1) or in vet chloroform, showed essen 
no movement in any of the solvent sj'^stems Most of the hpide remained a 
origin, but a slight streaking forward to about was observed 
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CHARACTERIZATION AND PROPERTIES OF 2-ICETO- 
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(Received for publication, May S, 1950) 

A new pathway for the oxidation of n-arabmose has been found recently 
in Pseudomonas saccharopJnIa (1) The folloiving sequence of events has 
been deduced fioin experiments ivith cell-free preparations n-arabinose is 
oxidized in a diphosphopyridine nucleotide (DPN)'Imked reaction to n-ara- 
bomc acid The first product is probably n-arabono-y-Iactone, winch is 
hydrolj^zed rapidlj'- by an enz^une to yield the fiee acid n-Arabomc acid 
IS then converted to a compound which appears to be 2-keto-3-deoxy-D- 
arabomc acid This intermediate is oxidized mth 1 mole of DPN to yield 
equimolar amounts of pyruiuc and glycohc acids Tracer experiments 
have shown that the carboxyl group of pyruvic acid is deiived from Ci of 
arabomc acid and the carbinol group of glycolic acid from Cb The accu- 
mulation of considerable amounts of glycohc acid in cultures growm 
with D-arabinose as substrate indicates that the above mechamsm operates 

tn VIVO 

The following experiments n ere conducted iinth a view to estabhshing the 
stmeture of the relatively unstable intermediate, 2-keto-3-deoxy-D-arabomc 
acid 


Methods 

The D-arabinose strain of P saccharoplnla was cultivated in the medium 
previously desenbed (2), but which contains 0 25 per cent n-arabmose as 
the source of carbon m place of fructose The cultures were incubated at 
30 with constant shaking for 16 to 24 hours, and the cells were harvested by 
centrifugation, washed twice with water, and kept in the frozen state Ex- 
tracts were obtamed by grinding the cells with levigated alumina (3) m a 
cold mortar, 4 parts of buffer (in terms of the wet weight of the cells) were 
added, and the suspension was centrifuged in the cold at 22,000 X g for 30 
mmutes Extracts have also been obtained by some disruption in a 9 kc 
aytheon apparatus for 20 mmutes in the cold DPN reduction was stud- 

work Was supported la part by a grant from the National Science Founda- 

dr^ John Simon Guggenheim Memorial Foundation Permanent ad- 
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led at 340 dim in the Beckman model DU quartz spectrophotometer Sihca 
cells of 1 cm light path were used in all the determinations Manometnc 
experiments were performed with the conventional Waiburg technique at 
30° The w^ashed paiticulate fraction of Azokibacter vtnelandit w'as used as 
a source of DPNH oxidase by the procedure of Di A J Marr (unpub 
hshed) 

D-Arabomc acid w^as prepared from D-arabmose by the procedure 
of Moore and Link (4) Arabono-y-lactone was estimated by hydroxanuc 
acid formation (5) 2-Keto-3-deoxy-D-arabomc acid was measured as tb? 
qumoxaline denvative by the method of Lanmng and Cohen (6), or as tie 
seimcarbazone by the procedure of MacGee and Doudoroff (7) Tlie-j 
methods were standardized against estimation of the keto acid by de 
carboxylation with ceric sulfate (8) Pyruvic acid was measured as tie 

2.4- dmitrophenylhydrazone, by the method of Friedemann and Haugen 
(9) Glycohc acid was estimated according to the procedure of Daglej 
and Rodgers (10) and formaldehyde by the method of MacFadyen (11) 

For the paper chromatographic procedures, the following solvents have 
been used Solvent I, methyl Cellosolve-water-concentrated ammonia 
(80 15 5), II, w-propanol-formic acid-water (6 3 1), III, ether-benzene 
formic acid-w^ater (70 30 14 10) , IV, n-butanol-acetic acid-water (4 1 5, 
upper layer) , V, a-butanol saturated with a 3 per cent solution of concen 
trated ammonia in water, VI, ifer^-butanol-methylethylketone-w^ater-diefl! 
ylanune (40 40 20 4) , VII, n-propanol-water-diethydamme (85 15 3), 
VIII, methanol-water-pyridine (80 20 4), IX, methanol-water-pyndine 
(60 20 20) , and X, colhdme-water (125 44) saturated with 0 067 m bom 
acid m 0 067 m KCl, pH 9 0 The paper was sprayed before use with the 
same borate buffei 

To detect 2-keto-3-deoxy-D-aiabomc acid, the chromatograms vere 
sprayed with the alkaline silver mtrate reagent of Trevelyan d al (12), wth 
the o-phenylenediamine reagent (6), the semicarbazide spray (13), or acid 
base indicators The aimno acids could be located with a 0 1 per cent nin 
hydrm in 95 pei cent ethanol contaimng 0 5 per cent colhdine Lactones 
were detected on paper by a slight modification of the method of Abdel 
Akher and Smith (14) and for hydroxamates, a saturated solution of feme 
chloride in a-butanol, satuiated wuth water, was used as a spray (15) 

2.4- Dmitrophenylhydrazones of a-keto acids were prepared for paper chro 
matography by the method of Cavalhm et al (16) Other methods m 
be mentioned in the text 


EXPEEIMBNTAD 

Preparation of Crude Calcium Salt of 2-Keto-S-deo%y-n-arabomc Acd- 
When potassium arabonate w^as incubated at pH 6 8 mth crude enz)'^^ 
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preparations, its couveisioii to nn active intei mediate could be traced by 
any of the following means (1) the disappcaiance of aiabonate, as meas- 
ured by the decrease in the amount of substrate wluch could be lactomzed 
Math HCl and conveitcd to hydroxamic acid, (2) the production of a com- 
pound vliich gave the chaiactciistic quinoxaline spectium after treatment 
ivith o-phenylenediamine and vas decaiboxylated with ceiic sulfate, and 
(3) the appearance of a substance vhich caused an immediate i eduction of 
DPN in the presence of the ciudc enzyme at pH 9 0 By these methods it 
could be shoivn that most of the aiabonate initially added could be con- 
verted by the enzyme 

Although the keto acid could be piecipitated as a calcium salt and was 
chromatogiaphically sepaiable fiom D-aiabomc acid, all attempts to obtam 
it in pure form have so far been unsuccessful This is largely attributable 
to the relative instability of the substance, since gieat losses of the com- 
pound were sustained upon treatment of the reaction mixtures with acid 
or Math 1011 exchange resins as m ell as during the chromatography of the 
salts In fact, the compound disappeaied completely on some chromato- 
grams, and the best piecipitates ob tamed usually had a lower content of 
the keto acid than ivas expected from the observed conversion of arabonate 
m the enzyme preparations 

The following procedure wms used to obtam a crude calcium salt of ap- 
proximately 67 per cent purity m 26 2 per cent yield fiom arabonate 33 
ml of enzyme solution prepared from 1 part of cells giound ivith 4 parts of 
0 01 M phosphate buffer, pH 6 8, weie incubated ivith 3 ml of a solution of 
potassium n-arabonate contammg 3 94 mmoles, for 12 hours at 30° Dur- 
, mg this time, 3 02 mmoles of arabonate ivere converted to a-keto acid, as 
determmed Math ceric sulfate decarboxylation The mixtuie was chiUed 
and treated Math Dow^ex 50 in the H form to remove cations The protein 
precipitate M^as removed by filtration The solution ivas carefully adjusted 
to pH 7 5 by the slow addition of a suspension of Ca(OH) 2 , and 1 volume 
, of methanol was added The precipitate was removed by centrifugation, 
and the supernatant solution wms concentrated in vacuo to 11 ml 44 ml 
of methanol and 90 ml of ether weie added After 1 hour at 5°, the pre- 
cipitate M^as harvested by centrifugation The supernatant solution was 
concentrated to 2 5 ml in vacuo, readjusted to pH 7 5 with Ca(OH) 2 , and 
^ treated with 4 volumes of methanol and 8 volumes of ether The precipi- 
ate was collected and pooled with the previous one Very little keto acid 
remamed in the supernatant solution The calcium salt was dried under a 
Vacuum to a glassy amorphous sohd, which appeared to crystaUize w^hen 
scraped, but M'hich wms obviously impure 248 mg were obtamed and 
contam 103 itmoles of the keto acid 
ca a solution of the calcium salt was treated with HCl and hydroxyl- 
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amine, the hydroxamic acid value obtained was equivalent to about I85 
per cent of an equivalent amount of calcium arabonate Although the 
presence of arabonate could be shovm by chromatography, it is probable 
that the actual amount of this compound was much less than 18 5 per cent 
since the keto acid itself probably gives a weak hydroxamic acid test under 
the same conditions Attempts to purify the compound by crystallization 
of the calcium salt 01 of the fiee acid or the hthium, sodium, 01 potassium 
salt did not give piomismg results 

Properties of B-Keto-S-deoxy-n-arahonate — ^As stated earher, the hetoaod 
could be separated by paper chromatography from arabonate, but greif 
losses weie sustamed The Rf values were Solvent I, arabonate 0 29, itto 
acid 0 42, Solvent II, arabonate 0 34, keto acid 0 61 When sprayed luth 
o-phenylenechamme reagent (6), the spots gave a yellow color which has 
been found to be characteristic of 2-keto-3-deoxy'D-galactomc and 2-keto- 
3-deo\y-6-phosphoglucomc acids The quinoxahne derivative shows a 
typical absoiption spectrum mth a maximum between 322 and 325 niji 
The extmction coefficient at 325 mp was calculated as 5 48 X 10® cm per 
mole fiom the data ob tamed by decarboxylation with cenc sulfate The 
semicarbazone derivative also has a spectrum characteristic of a-keto acids, 
with a maxmium at 250 mp (extmction coefficient 5 94 X 10® cm per 
mole) A crystallme 2 , 4-dmitrophenylhydrazone could be obtained easd} 
The hydrazone is relatively insoluble m acid, but dissolves m alkah in which 
it has a dark reddish brown color 

Solutions of the calcium salt, decatiomzed wuth Dow^ex 50, hadanabsorp- 
tion spectrum similar to those of pyruvate and 2-keto-3'deoxygalactonate 
They showed a strong absorption below 270 mp On addition of alkah,! 
sti ong absorption peak at 272 mp appeared This behavior is not obsen-ai 
with the other compound and suggests that a rearrangement of the molecule 
may occui, possibly mth the formation of an enediol The crude calcium 
salt reduces alkahne ferricyamde From the data foi cenc sulfate decar 
boxylation, the leducmg value of the pure compound was computed to 
correspond to about 63 per cent of that obtamed wnth an equimolar solution 
of glucose by the method of Schales and Schales (17) The compound r 
not decarboxylated wuth 4-ammoantipyrme (18), which leacts with^kdo 
acids 

Smee the crade salt contamed arabonate, a direct demonstration of the 
abihty of the compound to form a lactone was impossible However, vhffl 
the keto acid was separated from arabonate by paper chromatography ' 
usmg Solvent II and the eluate fiom the region contaimng the substau^^*! 
was treated with HCJ and hydroxjdamine, a weak coloi reaction character 
istic of hydroxanne acids ivas obtamed Although this cannot be 
sidered as proof that the keto acid can be lactomzed, it suggests sue an 
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mterpietatioii, especially since il has been shown that pine 2 -keto- 3 -deoxy- 
galactonic acid also gives a veak laclonc leaction undei similar conditions 

The identity of the keto acid vhicli vas oblained as the ciude calcium 
salt with the biologically active intei mediate in aiaboiiatc oxidation was 
established by shoving that the compound is quantitativel 3 '- oxidized by 
eiizimie piepaiatioiis with the lednclion of 1 mole of DPN and the pioduc- 
tion of 1 mole of pjiuvic acid In a spectiophotometiic expeiiment, 0 31 
fimole of keto acid, based on ceiic sulfate dccaiboxjdation, -was incubated 
with 0 5 pinole of DPN and 0 1 ml of the enzyme solution m a total vol- 
ume of 3 ml of 0 03 M tiis(h 3 'drox 3 miethyl)aminomethane (Tiis)-hydro- 
chlonc acid buffer at pH 9 0 When 0 3 pmole of DPN was reduced, 
a dilute solution of cr 3 ’’stalhnc lactic dehj^di ogenase was added The 
DPNH was rapidlj’’ and completely leoxidized, indicating that an amount 
of p}fruvate was present equivalent to the amount of substiate oxidized 
DPNH was not oxidized in the presence of lactic dehydiogenase and the 
original keto acid under the conditions of the experiment In a mano- 
metric experiment, 0 2 ml of enz 3 mie was incubated vuth 13 6 pmoles of 
the keto acid, 0 4 pmole of DPN, and 0 1 ml of a dilute solution of DPNH 
oxidase in 2 ml of 0 075 u Tris-hydrochloric acid buffer, pH 9 0, in the 
presence of air WTien 5 15 pmoles of O 2 vere taken up, the reaction was 
stopped and the solution analyzed for pyruvate and glycolate, 9 0 pmoles 
of pyruvic acid and 10 0 pmoles of gl 3 ’'Cohc acid were found 

The biologically active compound was paitially destroyed by boding a 
solution of the calcium salt foi 1 minute at pH 6 8 It was also destroyed 
by being boiled vuth acid and by being boded or by standing at room tem- 
perature at pH 9 0 in Tris buffer 

Cenc Sulfate Decarhoxylahon of 2-Keio-3-deoxyarahonate — In the experi- 
ments desenbed earlier, the keto acid was quantitatively estimated by 
oxidative decarboxylation vnth cenc sulfate, and the results obtained were 
found to be in agreement vuth biological assays In addition to CO2, the 
product of the primary oxidation of 2 -keto- 3 -deoxyarabomc acid with cenc 
mu in acid conditions would be expected to be the 7 -lactone of d , 7 -dihy- 
^oxybutyric acid When 1 eduction of cenc ion ivas measured, it was 
ound that the oxidation proceeded far beyond the primary decaiboxyla- 
hon, especially m dilute acid The orgamc products obtamed under 
ordinary circumstances could not be identified An attempt was there- 
ore made to contiol the degradation by the slow addition of the reagent in 
^ Quantity insufficient to cause extensive oxidation 43 /zmoles of the 
crude calcium salt of the keto acid were dissolved m 4 2 ml of water, and 
0 uf u 1 1 mixtuie of sulfuric acid and water was added 0 3 ml of 
N solution of cenc ammomum sulfate in 2 16 isr H2SO4 was added slowly 
room temperature with constant stirrmg The reaction mixture wms 
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dehj^diated i\ith an excess of anhydious sodium sulfate and e\ti acted with 
peio\ide-fiee ethei The ether was evapoiated, and the lesidue dissohet 
in a small amount of water An aliquot of the solution uas chromate 
graphed on paper with Solvent III The principal spot, which appearec 
vhen the chiomatogiams were spiayed with eithei alkaline silver mtrah 
or vnth the reagents foi detecting lactones, coi responded in position to th 
7 -lactone of /3,7-dihydio\y butyric acid Anothei aliquot of the reactior 
mixture was treated with hydroxylamine and chiomatogiaphed on papei 
unth Solvent IV The main pi oduct, which gave the chai acteiistic hydroi 

annc acid leaction when sprayed with saturated FeCh m water-saturatet 
butanol, had the same Rf value as the hydioxamic acid derivative of 
dihydroxy butyl 1C lactone 

Preparahon of 2 ,4-Dinitro'phmylhydrazone — Smce the keto acid could 
not be obtained in pure form, the crystalline 2,4-dimtiophenylhydrame 
nas subjected to analysis and degradation 300 mg (147 namolei)) oi 
potassium D-arabonate were dissolved in 20 ml of the cell-free extract con 
taimng 0 01 m phosphate buffer at pH 6 8, and the mixture was incubated 
for 12 hours at 30° A conversion of approximately 80 pei cent of the 
substrate was estimated at this time The mixture was deprotemized 
mth trichloroacetic acid, which was then removed by extraction viti 
cold ether The solution was adjusted to pH 8 5 with Ca(0H)2, and 
calcium phosphate was lemoved by centrifugation The volume was 
reduced to about 15 ml undei a vacuum at room temperature, and 03 
gm of 2 ,4-dinitrophenyIhydrazme dissolved in 2 n HCl was added After 
20 mmutes at room temperature, the hydrazone was extracted vnth etbl 
acetate Repeated extractions were necessary The ethyl acetate fra- 
tion was extracted several times with 10 per cent sodium carbonate sot 
tion The caibonate solution was acidified by the dropwise addition rf 
concentiated HCl, and a crystalline precipitate was formed This va. 
collected, dissolved m hot ethanol, and recrystalhzed in the cold after tb 
addition of a small amount of water Two crops of crystals were obtained 
from the original alcoholic solution and a third crop was obtained by arfrf 
ing water to the solution and extracting it with ethyl acetrfte The hyrfrs 
zone was extracted from the ethyl acetate mth a small amount of carbonate 
solution, was precipitated, and recrystalhzed as befoie All fraction’ 
melted at 163° The total yield was 160 mg 

Some of the crystals were dried in vacuo over P 2 O 6 for 15 houis at 1 
and analyzed for caibon, hydiogen, and mtrogen Found, C 4l02pff 
cent, H 3 73 pei cent, N 16 69 per cent Calculated for CnH^Oshn 
40 20 per cent, H 3 68 per cent, N 17 0 per cent 

When chiomatographed on paper, by using Solvent V, the 
had an Rf = 0 14, pyruvic 2,4-dimtrophenylhydrazone had an Rf - 
under the same conditions When sprayed vmth alcohohc NaOH, the ; 
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diiutioplien3^1hj’^diazonc of the keto acid turned light blown, and the 
li3'diazonc of pyiuvic acid gave a daik blown coloi undei the same condi- 
tions 

Hydiogcnohjsis of £,j-Dnu(tophcnylhijd>azone— 52 8 mg of the 2,4- 
diiiitiophen3dhydiazonc weic suspended in about 100 ml of w'atei and 
li3fdiogenated in the piesence of Adams’ catalyst undei 2 atmospheies of 
piessuie at loom tempeiatuio in a Pan h3^diogenatoi (19) After 24 
liouis, the catab^st w'as filteied off, and the liquid w'as evaporated to a 
small volume undei a vacuum at loom tempeiatuie When chiomato- 
giaphed on paper, b3'’ using Solvent IV, two ninh3'^dini-positive bands 
appeared The iiinioi , nioi e i apidb'^ moving component, wdiich i epi esented 
approximately 20 pei cent of the total iiinliydini-positive substance, could 
not be identified by degiadation to known compounds Fiom the mnhy- 
dnn leaction (20), the quantit3’’ of the iiiajoi component wms estimated to 
be 107 /mioles of a-aninio acid, and lepi esented appioximately 66 per cent 
of the theoretical yield fiom the h3'drazoiie This mateiial \vas rechroma- 
tographed with Solvent IV, in which it w’as found to have an Up = 0 19, 
slightly low’er than that of glycine (Ep = 0 20) It was then chiomato- 
graphed with Solvent "^^I Two iiinliy di in-positive bands of equal intensity 
appeared The faster niOMiig component had an = 0 33, equal to that 
of prohne, w^hile the slow'er moving one had an i?/- = 0 21, almost identical 
with the Rp of gb^iiie Both gave a blue-purple coloi when sprayed with 
0 1 per cent ninhydnn in 95 pei cent ethanol containing 0 5 per cent col- 
lidine Two spots could also be obseived with the use of Solvent ^^tI 
After elution, the two compounds letamed then chromatogiaphic behavior 
with Solvents VI and 'S^’II but weie indistinguishable with Solvent IV 
Each of the two amino acids was subjected to degiadations, which involved 
the imtial oxidation with peiiodate As will be seen from the following 


experiments, the products of cleavage of both compounds weie found to 
be formaldehyde and the y-semialdehyde of aspartic acid 
Degradation of a-Amino Acids — 3 //moles of each amino acid w^ere sep- 


arately treated with 5 //moles of sodium periodate in a total volume of 1 
iifi of dilute H2SO4 After incubation foi 1 houi at 37°, 0 5 ml of 0 02 m 
sodium arsenite solution w as added, and the pH wms brought to 8 0 with 
sohd sodium bicarbonate 0 05 ml aliquots of these solutions were le- 
nioved and anab’^zed for foimaldehyde In both cases, approximately 1 
/unole of formaldehyde was found per micromole of ammo acid decomposed 
(the actual values w^eie 1 1 and 1 05) The remainders of the periodate- 
treated solutions were treated in each case with 10 mg of sodium boio- 
lydnde for 1 hour at 37° The excess borohydride was decomposed b3'^ 
e addition of enough acetic acid to lowmr the pH to approximately 4 0 
, ^^9uid w'as then passed through a small column of Dow^ex 50 lesin m 
® form to absorb the ammo acid formed m the treatment The resin 
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\ias II ashed iiith iiatei until the eluate was neutral, and the amino acid 
was eluted inth n ammonium hydroxide The fractions nhich gaie a 
mnhj^diin-positive leaction iiere concentiated and chiomatographed b} 
using Solvents IV, VIII, IX, and X From both reaction nnx 

tures, only a smgle mnh 3 ^drin-reacting compound could be detected after 
chiomatography iiath each solvent In all cases this compound had the 
characteiistic Rf and blue-purple color of homosenne when sprayed with 
the ninhydnn-collidine spray 

Next, the two amino acids were degraded by using a slight modificatios 
of the penodate-permanganate method of Lemieux and von Rudlof! ( 21 ) 
3 pmoles of each ammo acid were treated noth 6 /xmoles of periodate lai 
final volume of 1 2 ml of dilute H 2 SO 4 for 1 hour at 37° The pH wto 
bi ought to 8 0 by the addition of sohd sodium bicarbonate and 01 ml 
of 0 001 N potassium peimanganate was added Aftei 15 minutes at 
loom temperatuie, the hquid was passed through Dowex 50 lesm, and the 
resulting anuno acid was eluted as in the previous experiment The mnhj 
dnn-positive fractions weie chromatographed mth Solvents IV, VI, IT, 
VIII, IX, and X Both leaction mixtures yielded the same single mnhj 
drm-positive compound On aU the chromatograms, this compound had 
the Rf value and the characteristic blue color of aspartic acid 

DISCUSSION 

All of the reactions which have been descnbed are consistent inth the 
view that the new compound is an a,i3-dehydrated n-arabomc acid, hanag 
the 2-keto-3-deoxy structuie which has been found in analogous compouni 
derived from D-galactomc and fiom 6-phosphoglucomc acids (1, 7) F 
a-keto configuration is shown by the oxidative decarboxylation mth cen 
sulfate, by the reaction with o-phenylenedianune, to give a product ivhidi 
has an absorption spectrum typical of qumoxahne denvatives, by fhs 
formation of a derivative iinth semicarbazide which has a charactensfic 
spectrum of a-keto acid seimcarbazones, and by the formation of a-ammo 
acids in the hydrogenolytic decomposition of the 2 , 4 :-dimtrophenylliydRi 
zone The occurrence of two adjacent hydroxyl groups on the 2 termiaal 
carbon atoms is demonstrated by the rapid production of formaldehyde m 
the reaction of periodate noth the aimno acid derivatives The configai’^ 
tion of the last 4 carbon atoms is supported by the demonstration that it® 
conti oiled ceiic oxidation of the compound yields a product indistinguis 
able from i3,7-dihydioxy butyric lactone The reactions used m 
degradation can be summarized as follows 


(1) COOH CO CHo CHOH CH.OH 


- 2(H) 
Ce^+ 


CO. + 
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, ^0 

(2) CO CHs CHOH CHj + NITjOII + NaOII — > 

CO(NnONa) CHs CHOH CH.OH + H^O 


The configuifition of the fiist 4 carbon atoms is fuithei demonstiated by 
the degradation of fhe 2,4-dimtiophenylhj'diazone The reactions which 
were used are represented bj’’ the following equations, m ivhich the asym- 
metric carbon atoms aie maikcd nitli an asteiisk 

COOH CO CH. CHOH CH-OH + NH-NH CcHjfNOsls 
(3) 

COOH C(N4CeH404) CHj CHOH CHjOH + HjO 


COOH C(N4CeH404) CHj CHOH CHjOH 


Hj 


(4) 


PtOj 


COOH CHNHj CHj CHOH CHjOH 


(5) 


COOH CHNHj CHj CHOH CHjOH 


periodate 


COOH CHNHj CHj CHO -b ECHO 


(6) COOH CHNHj CHj CHO COOH CHNHj CHj CHjOH 

(7) COOH CHNHj CHj CHO . permanganate 

It will be seen that a new point of asymmetry is introduced by the 
hydrogenolysis of the 2 , 4 -dinitrophenylhydiazone (Reaction 4), smee both 
D- and L-amino acids are formed in the leaction Actually, two pairs of 
optical isomers of the dihydroxyanuno acid are possible, and the production 
of one member of each pair can be expected from either of the two possible 
isomers of the keto acid This explams the demonstration that two dif- 
ferent ammo acids could be separated by chromatography after Reaction 4 
Smee only 1 asymmetric carbon remains after Reaction 5, the products 
I obtamed m Reactions 6 and 7 are stereoisomenc and indistmguishable by 

chromatography 

None of the degradations which have been used estabhshes the con- 
figuration of C 4 The stereochemistry of the 4th carbon atom, however, 
can be assumed to remain unchanged durmg the dehydration of n-arabomc 
acid, smee this atom is probably not involved m the reaction This as- 
sumption IS supported by the observation that the analogous dehydrations 
of 6 -phosphoglucomc acid and of galactomc acid by diffeient enzymes of 
the same organism do not cause inversions at Ci In the case of galactomc 
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acid, the evidence is particularly good, since the biologically active product 
of the enzymatic dehydration has been found to be identical mth (lie 
chemically prepared denvative of metasaccharin but not of glucometa^ic 
charm 

Little can be said about the possible img stiuctuies of the keto acid 
except that the substance can, appaiently, be lactomzed xmder acidic 
conditions It seems safe to conclude, however, that the compound k 
2-keto-3-deo\y-D-arabomc acid A description of the enzymatic 
which aie mvolved m the production of the keto acid from arabmose and 
its oxidative decomposition to pyruvic and glycolic acids will be publii-d 
elsewhere 


SUMMARY 

A compound which is produced fiom D-arabomc acid by enzyme prep- 
arations of Pseudomonas saccharophtla, and which can be oxidized io 
pyruvic and glycohc acids, has been isolated as a crude calcium salt and as 
a crystalhne 2,4-dimtrophenylhydrazone As a result of vanous degra 
dation procedures, the compound is beheved to be 2-keto-3-deoxy d 
arabomc acid 
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In 1895 Floience (1) found that a blown crystalline mass is formed if a 
solution of iodine in potassium iodide is added to semen Subsequent 
investigations by Bocaiius (2) and by StanSk (3) showed that free choline 
piesent in semen vas lesponsible foi the foimation of this mateiial It is 
now well established that semen is one of the iichest sources of chohne in 
ammal tissues (4) The caieful studies of Kahane and Ldvy (5) demon- 
strated that human semen contains viitually no fiee chohne immediately 
after ejaculation, but that large amounts of fiee chohne are foimed if the 
semen is allowed to stand Fuithei expeiiments by these investigators 
(6, 7) made it clear that the piecuisoi of free chohne m aged semen is 
L-a-glycerophosphorylchohne (GPCO It has been reported that this 
substance is piesent in lugh concentrations in the secietions of the seminal 
vesicle, but not of othei accessoiy repioductive glands, of a number of 
species (7, 8), and that it is conveited rapidly to free chohne by enzymes in 
prostatic secretion (8, 9) 

The lecent discovery of the central role played by cytidine diphosphate 
’holme m the biosynthesis of lecithin (10-12) prompted a study of the 
oarticipation of this coenzyme in the synthesis of lecithin m seminal ves- 
cle tissue, since GPC is a constituent of the lecithin molecule The entry 
5f P-chohne as a umt into lecithm in liver can be accounted for by two 
eactions (12) 

P-cholme + CTP ^ CDP-choline + P-O-P (1) 

PC-cytidyl transferase 

This Work was supported by grants from the American Cancer Society upon 
ecommendation of the Committee on Growth of the National Research Council and 
6 ane CofBn Childs Memorial Fund for Medical Research 
1 Cancer Research of the American Cancer Society 

e following abbreviations are employed GPC = L a-glycerophosphorylcho- 
‘•le, chohne = phosphorylchohne,a-GP = nn-a-glycerophosphate, ATP = adeno- 
jT^p ) AMP = adenosine-5'-phosphate , ITP = inosine triphosphate, 

— ®^i4ine triphosphate , CTP = cytidme triphosphate, CDP-choline = C 3 'tidine 
JP osphate chohne, CoA = coenzyme A, P-O-P = inorganic pj^rophosphate , ADP- 
ine * B pn diphosphate chohne, Tns = tns (hydroxymethyl) anunometh- 

’ ^ = diphosphopyndine nucleotide, CMP = cytidine-5'-pbosphate 

609 
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CDP-chohne + D-a,/8-digIycende ^ lecithin + CMP (2) 

PC-glycende transferase 

This paper ■mil describe the PC-C 3 rtidyl transferase and the PC-glycende 
transferase of seminal vesicle tissue The relationship of these reactions to 
the secretion of GPC by seminal vesicle is discussed 

Materials and Methods 

The seminal vesicles were removed fiom sexually mature rats under etkr 
anesthesia Pnor to excision, the coagulating glands were dissected, and 
the seminal vesicles ligated at the base The seminal vesicle secretion 
removed by manual expression Homogenates were prepared, alki 
mincing the tissue vuth scissors, m an all-glass apparatus immersed in aa 
ice-salt bath C 3 d;oplasimc particles were isolated from 10 per cent homog 
enates prepared m 0 25 m sucrose Nuclei and cell debns were removed 
by centrifugation at 600 X ^ for 5 mmutes The cydoplasmic particles 
were isolated from the resulting supernatant fluid by centrifugation at 
14,000 X g for 20 minutes and washed once with sucrose 
The S 3 mthesis of CDP-chohne and ADP-chohne from P-chohne-1 ,2 C" 
IS descnbed elsewhere (12, 13) GPC was prepared from conuiiercial 
ammal lecithin by hydrolysis vnth mercunc chlonde by a procedure similar 
to that recently described (14) The cholme-N-P ratio of the sample used 
was 10 0 95 0 96 The product was chromatographed on paper with an 
Rp of 0 89 m the phenol-ammonia solvent of Dawson (15) and with an Br 
of 0 48 m 75 per cent ethanol-0 05 m Tris buffer of pH 9 4 Cytidine and 
adenme nucleotides, and CoA of approximately 70 per cent purity, were 
purchased fiom the Pabst Laboratories DPN+ was obtamed commer 
cially, it was 86 pei cent pure when assayed enzymatically (16) ffGP 
was generously donated by Dr JeanSicd A mixture of D-a:,/3-diglycen(les 
was prepaied from punfied egg lecithin (17) by the action of the lecithma'c 
D present in Clostndiwn perfnngens type A toxm (18) 

Chohne was deternuned according to Glick (19) and phosphorus by 
method of Gomon (20) Total mtrogen wms estimated either mth Nes- 
ler’s leagent after digestion with sulfunc acid contaimng sodium 
and copper selemte (21) or by the Kjeldahl procedure 
The concentration of GPC in semmal vesicle tissue or seminal vesice 
secretion was determined as follows The tissue was homogemzed m 66^'’ 

cent ethanol immediately after it was lemoved from the ammal 
homogenate was centrifuged and the piecipitate was washed wth 
cent ethanol After lemoval of ethanol under reduced pressure, ® 
aqueous extract was exti acted with chloroform Traces of chformo^ 
remaimng in the aqueous phase weie lemoved by aeiation The a 
was deionized by passing over columns of Amberhte MB-1 resin an 
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P was estimated in the deionized extinct Recoveiies of added GPC were 
greatei than 90 pci cent by tins pioceduie Papei cliiomatogiapliy of 
these deionized extiacls in 75 pei cent ctlianol-0 05 u Tiis buffer of pll 9 4 
showed a single phosphorus-coiitaining spot which niigiated to exactly 
the same position (7?r = 0 48) as an authentic sample of GPC, showing 
that GPC was the only phosphouis-coii taming compound piesent in sig- 
nificant amounts in such deionized extiacts of scniinal vesicle 
The extiaction of labeled lipides fiom cnzjuiie incubation mixtures and 
methods for the lenioval of cont animating umeacted ladioactive precursors 
are described by Kenned}’- and "Weiss (12, 22) The bieakdowm of CDP- 
cholme was nieasmed by quantitative adsorption of this coenzyme upon 
charcoal by a procedure siimlai to that of Ciaiie and Lipmann (23) The 
reaction w’as terminated b}’ placing the tubes in a boiling wmter bath foi 5 
mmutes and the charcoal was added after cooling Neither free choline 
nor P-chohne was adsoibed upon charcoal undei the conditions used The 
zero time control values depicted in Expciiments 1 and 2 of Table IV show 
that, even upon the addition of ademne nucleotides to the reaction mixture, 
virtually all the added CDP-chohne w’as adsoibed upon the charcoal 
Measurements of radioactivity weie made with dried samples undei 
conditions of neghgible self-adsoiption 
Castrations were performed x’la the abdon-unal loute under ether anes- 
thesia Sham operations consisted of an abdoimnal incision Testos- 
terone propionate was adimnisteied in sesame oil by subcutaneous injection 
The contiol ammals recen'^d the same volume of sesame oil 

Results 

h-a-Glycero-pliosphorylcholine m Serynnal Vesicle 

In confirmation of the findmgs of other mvestigators (7, 8), large amounts 
of GPC w’ere found to be present in the seminal vesicles of sexually mature 
rats Table I shows that this substance is confined largely to the senunal 
vesicle secretion, only small amounts of GPC were present in tissue freed 
from secretion The levels of GPC in senunal vesicle wmre only 20 per 
cent of normal 6 days after castration, and the effect of castration was 
entirely reversed by the adimnistration of testosterone propionate Negh- 
gible amounts of GPC were found m the ventral prostate glands of normal, 
sexually mature rats 

Bnzymahe Conversion of CDP-Choline to Lecithin 

Homogenates of senunal vesicle prepared in 0 15 M KCl-0 02 m sodium 
P osphate of pH 7 4, when incubated in the presence of magnesium ions, 
converted CDP-chohne to hpide material at extremely low rates How’- 
ever, the addition of ATP to a final concentration of 0 005 m or greater 
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permitted a lapid incorporation of into the hpides of these preparations 
Dialysis of the homogenates against the homogemzation medium for 21 
hours at 2° did not lesult in loss of activity Table II shovs that, m the 
presence of ATP, the entry of fiom CDP-choline into lipide material 
was essentially unchanged by the addition of CoA, glycerol, a-GP, GPC, 
choline, P-chohne, and inoigamc phosphate Magnesium ions, hmievcr, 
were essential for this reaction In a number of experiments the mciiba 
tions were conducted in the presence of 0 004 m GPC and of 0 0077 ii ATP, 
and the GPC was isolated from the acid-soluble fraction at the end of the 
experiment As much as 65 per cent of the added GPC was recoveal 
after incubation for 1 hour at 37° Even upon the further addition d 
glycerol oi a-GP to the incubation mixture, the GPC isolated at the ed oi 


Table I 

L-a-Glycerophosphorylchohne %n Rat Seminal Vesicle 


Group 

No of 
rats 

Gland -f secretion 

Secretion I 

1 

Washed elind 

Operated upon by sham 

8 

14 6 

1 

24 6 

5 4 



(7 4-20 1) 

(20 7-29 9) 


Castrated 6 days 

4 

2 9 





(1 9-4 0) 



“ 6 “ treated 

4 

16 1 



with androgen 


(14 2-18 6) 


1 


All GPC concentration expressed in terms of micromoles per gm fresh weight 
Androgen-treated animals received 1 mg of testosterone propionate per day from 
the time of operation until their sacrifice The figures in parentheses represent the 
range of values observed 


the experiment was devoid of radioactivity despite the entiy of as much a' 
40 mjtimoles of chohne-C^^ from CDP-chohne into the lipide fraction 
The labeled hpide formed from CDP-chohne m the presence of ATP 
appeared to consist mainly of lecithin A carbon tetrachloiide extract of 
the labeled hpides, previously washed with aqueous buffers (22), 
evaporated to dryness and hydiolyzed m 0 5 n KOH for 16 hours at 37 ° in 
the presence of cairier choline At the end of the incubation, casein ws 
added, and trichloroacetic acid was added to a final concentration of 5 po'' 
cent Insoluble material, contaimng unhydiolyzed hpide, was removed h' 
centrifugation Excess of a solution of ammomum reineckate in methano 
was added to the aqueous extract and the resulting ciystals of chohne 
reineckate were harvested and washed three times inth n-propanol ® 
crystals were dissolved in acetone and their radioactivity was determw ^ 
Virtually all of the radioactivity m the initial hpide extract could a a 
counted for as free cholme after this treatment, showing that the a e 
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lipides MGie labile to alkali m a maunei siniilai to lecithin In aiiothei 
expeument the washed lipides w’cic hydioly/ed w'ltli dilute base accoiding 
to Dawson (15) and the watei -soluble pioducts weie sepaiated by paper 
cluomatogiaphy By using the pheiiol-annnoina solvent of Dawson (15), 
a single ladioactive spot was obtained which nngiated to the same position 
(Rr 0 89) as GPC 


Tabu 11 


Incorpoialion of CDP-Chohne tnlo Sevunal Vesicle Lipides 


E’cperunent No 

Additions 

Choline 
incorporated 
into lipides 

1 

Nil 

vtfivioles 

0 8 


ATP (0 0077 M) 

20 8 


” + glycerol (0 0038 m) 

19 6 


" + “ + GPC (0 0021 M) 

23 9 


" + " -f CoA (0 0002 M) 

24 0 


0 time control 

1 0 3 

2 

Nil 

2 1 


ATP (0 00077 M) 

30 4 


“ omit MgCb 

0 4 


“ + choline (0 0038 m) 

28 5 


“ -h P-choline (0 0038 m) 

31 0 


“ -p inorganic P (0 0077 m) 

35 0 


a-GP (0 0038 M) 

3 6 


ATP -f a-GP 

34 1 


0 time control 

0 0 


Reactions carried out in a final volume of 2 6 cc containing 100 /imoles of Tris 
buffer of pH 8 0, 30 /imoles of MgCh, 0 12 jamole of CDP-choline-C», and 1 cc of ho- 
mogenate in 0 15 M KCl Incubated for 60 minutes at 37° Homogenate equivalent 
to 3 0 mg of N, 3 2 mg of N added in Experiments 1 and 2, respectively 


N ucleohde Stimulation of PC-Glyceride Transferase 

The conversion of CDP-choline to lecithin described above is consonant 
With the operation of the PC-glyceiide transferase reaction, previously 
escribed m liver by Kennedy and Weiss (12) How^ever, in seminal 
vesicle preparations, the PC-glyceiide transferase leaction lequiies the 
urthei addition of ATP The same stimulation of lecithin synthesis 
toni CDP-chohne by ATP in homogenates could be demonstiated wnth 
ejtoplasnnc particles isolated from seminal vesicle Furthei exanunation 
or the appaient requirement for ATP show^ed that AAIP wmuld replace the 
ion of the former wnth either cytoplasmic particles or homogenates as an 
hzyme source Since no oxidizable substrates were added to the reaction 
rRTAtures, it u^as considered unlikely that the stimulatory effect of AMP 
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With washed pai tides could be ascribed to its phosphorylation to ATP 
via oxidative phosphorylation Fig 1 shows the effect of different con 



Table III 


Nucleotide Specificity of PC-Glyceride 


Choline nucleotide added 


Transferase 


Choline incorporated 
into hpidts 

m^molcs 


CDP-cbohne q 

ADP-choline 

Reaction carried out in a final volume of 2 6 cc containing 100 
of pH 7 4, 1 Mmole of MnCh, 10 Mmoles of AMP, 75 Mmoles of KCl, 20 /.m ^ 

game phosphate of pH 7 4, and seminal vesicle cytoplasmic par ^ 

nitrogen) 0 2 Mmole of CDP-choline (46,000 c p m per Mmole) ana u 
ADP-choline (50,000 c p m per Mmole) Incubated for 60 minutes at it 


centiations of AhlP and ATP upon the stmiulation of the 
tiansf erase of washed cytoplasmic particles At low levels (0 
and ATP show^ed similar activities, but at higher ATI 

dimimshed the rate of reaction The stimulatory effect of 
could not be replaced by adenosme (0 001 m) or ademne (0 
lower levels (0 0002 m) of CTP, UTP, or ITP 
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It was considered that the stimulatoiy effect of AMP or ATP might be 
ascribed to an intermediate formation of ADP-cholme fiom these nucleo- 
tides and CDP-chohnc, and that ADP-cholme would m turn act as a 
precursor for lecithin synthesis However, the expeiiment summarized 
in Table III shows that chemically synthesized ADP-chohne-C'^ did not 
act as a piecursor for the formation of seminal vesicle phospholipides 
under conditions for which CDP-choline was lughly active m this respect 

Kornberg et al have desciibed an enzyme iii animal (24) and plant (25) 
tissues which ruptuies nucleotide coenzyines at the pyrophosphate hnkage 
Kennedy (13) has shown that potato nucleotide pyrophosphatase wiU 
spht CDP-choline Since it has been demonstiated that there is competi- 
tion between various nucleotide pyrophosphates which aie degraded by 
this enzyme (25), the effect of i^MP and ATP upon the synthesis of phos- 
phohpide from CDP-choline could be e\plamed m teims of their abihty to 
inhibit the enzymatic breakdown of CDP-chohne The experiments 
summarized in Table IV show that AMP, ATP, and DPN+ inhibit the 
degradation of CDP-chohne by seminal vesicle homogenates and various 
subcellular fractions iMoreover, as can be seen from Table V, DPN+, 
which inhibits the breakdonm of CDP-chohne, also increases the entry of 
C“ from CDP-chohne into the phosphohpides of senunal vesicle cyto- 
plasnuc particles in the same way as AMP or ATP It may be concluded 
that the abihty of various adenme nucleotides to enhance lecithin synthesis 
from CDP-chohne is due to their inhibitory mfluence upon the enzymatic 
rupture of CDP-chohne The breakdowm of CDP-cholme was also pre- 
vented by CMP 

Properties of Seminal Vesicle PC-Glycende Transferase 

That magnesium ions are necessary for the conversion of CDP-chohne 
to lecithm m seminal vesicle preparations, as in hver (12), has been noted 
above The stimulatory effect of 0 01 m MgCl 2 could be replaced by 
0 0004 M MnCh Tnphng this concentration of MnCU did not alter the 
activity of the enzyme Calcium ions were found to be extremely inhib- 
itory towards seminal vesicle PC-glyceride transferase as can be seen from 
able V In other experiments it was found that, when the molar ratio of 
^gnesium to calcium ions was 40, the PC-glycende transferase activity of 
senunal vesicle, measured m the presence of AMP, was inhibited by 78 
per cent Potassium fluoride (0 022 m) inhibited the reaction by 45 per 
cent The PC-glycende transferase activity of senunal vesicle homog- 
enates was unaffected by acetylchohne (0 4 mg per cc ) plus eserme (0 04 
per cc ) and by pilocarpine (0 4 mg per cc ) , these are substances 
^ ch mcrease the rate of entry of inorgamc P^^ into the phosphohpides of 

pancreas shces (26) and which stimulate secretion by pancreas and senunal 
vesicle 
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Table IV 

Cleavage of CDP-Chohne 


Enzyme source 

Additions 

Incuba 

tion 

tune 

Homogenate 


tntn 

0 

(( 


10 

(( 


20 

(t 

AMP (0 0016 m) 

0 

it 

tt 

10 

it 

tt 

20 

a 

ATP (0 0016 M) 

0 

it 

tt 

10 

it 

it 

20 

Particles 


0 

it 


15 

it 

DPN (0 001 M) 

0 

it 

it 

15 

it 

ATP (0 0032 M) 

0 

ti 

tt 

15 

<{ 

AMP (0 0032 m) 

0 

(( 

AMP 

15 

<( 

CMP (0 0032 M) 

0 

(t 


15 

it 

P-O-P (0 0025 M) 

15 

<< 

AMP + P-O-P 

15 

it 

ATP -1- » 

15 

ti 


0 

tt 


15 

tf 

ATP (0 002 M) 

15 

tt 

P-O-P (0 0033 M) 

15 

<1 

ATP + P-O-P 

15 

it 

“ + •• + CaCls (0 0033 m) 

15 

Nuclei 


15 

(< 

ATP 

15 

tt 

» 4- P-O-P 

15 

Supernatant 


15 

(t 

ATP 

15 

a 

“ -f P-O-P 

15 

a 


0 

ti 


16 

tt 

P-O-P (0 0033 m) 

15 

tt 

ATP (0 0066 M) 

15 

tt 

“ -f P-O-P 

15 

tt 

“ + CaCle (0 0033 m) 

15 

tt 

“ -f P-O-P 4- CaCb 

15 


ntip's'a 

14 
125 
137 
OS 
26 S 
755 
03 
630 
107 
00 
261 
00 
315 
75 
61 
41 
64 
49 
19 2 
206 
284 
411 
00 
222 
112 
113 
418 
37 3 
189 
201 
565 
94 5 
78 
500 
16 

105 

106 
84 
69 
93 
69 
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Tadi-e IV — Concluded 


Expen 
ment No 

Enz) me source 

Additions 

Incuba 

tion 

time 

CDP 

choline 

breakdown 




vnn 

mitmoles 

5 

Supernatant 


15 

93 1 


<{ 

ATP (0 001 M) 

15 

4 9 


tt 

P-O-P (0 0033 M) 

15 

38 0 


i( 

ATP + P-O-P 

15 



Reictions earned out at 37° in final volumes of 1 5 to 3 0 ec eontaming 0 033 m 
T ns of pH 7 4, 0 003 m IMgCl; vas present Appro\imately 0 25 /imole of CDP- 
clioline added imtialh , except in Experiment 1 where 0 15 jumole of CDP-choline w'as 
added 


Table V 


Nucleotide Slunulalion of PC-Glyccndc Transferase 


1 

Additions 

Choline incorporated into lipides 


mumoles 

None 

3 0 

ATP 

8 1 

AiHP 

11 2 

DPN 

11 0 

CftCl** 

0 0 

ATP -h CaCU 

0 4 


Reaction earned out in final volume of 2 0 cc containing 100 /mmoles of Tns buf- 
fer of pH 7 4, 20/imoles of MgClj, 0 25 ^imole of CDP-choline, mitochondria (0 56 
mg of nitrogen) in 0 5 cc of 0 15 m KCl-0 02 m sodium phosphate, pH 7 4 10 /tmoles 

of each nucleotide added Calcium chloride when added, 5 jumoles Incubation for 
60 minutes at 37° 


Table VI 

Stimulation of PC-Glycende Transferase by n a,P-Diglyceiide 


AMP 

D-a , jS-Diglyceride 

Choline incorporated into 
phosphohpides 



mumoles 

- 



2 5 

- 

+ 

2 7 

+ 



10 9 

+ 

+ 1 

1 

18 0 


of rnp '^umainea xuu jumoies ot Tns oi pJti Y 4, iiu ^moies oi ^ 

(1 7 1 mg of “Tween 20,” and seminal vesicle cytoplasmic particles 

^ mg of nitrogen) in a final volume of 2 1 cc If added, AMP 10 /tmoles, n a,0- 
g ycende 2 /imoles Incubated for 60 minutes at 37° 
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In all of the expenments descnbed above the hpide acceptor for th 
synthesis of lecithin from CDP-choline was present in the enzyme prep 
arations Kennedy and Weiss (12) have shovm that special conditions 
mz the presence of detergents, are necessary foi the unequivocal demon 
stration of a requirement for D-«,/5-diglycende in the PC-glyeende trans 
ferase m liver imtochondria Table VI shows that m the presence o 
“Tueen 20” (pob'^ethoxyethylene sorbitan monolaurate) a marked stimn 
lation of the FC-glycende transferase by n-ajjS-diglyceride can be demon 
strated voth seminal vesicle c 3 d;oplasmic particles 

PC-Cyhdyl Transferase 

Kennedy and Weiss (12) have shown that CDP-chohne is syntheazd 
m hver by the fieely reversible PC-cytidyl transferase leaction (Equatira 
1) The lapid breakdoum of CDP-chohne by semmal vesicle preparation! 
descnbed above, as well as the intense destruction of nucleotide and othei 
phosphates by this tissue (27, 28), made the demonstration of the synthesn 
of CDP-chohne from CTP and P-cholme virtually impossible However, 
the reverse reaction, i e the pyrophosphorol 3 d;ic cleavage of CDP-choline, 
was readily demonstrable Expenments 2 to 5 m Table IV show tbal 
when either AMP or ATP was added to circumvent the cleavage of GDP 
choline, the further addition of P-O-P caused a marked increase in the raff 
of breakdown of the cytidine coenzyme It may be noted that, in the 
absence of added ademne nucleotides, P-O-P itself depressed the bydroJjia 
breakdown of CDP-chohne to some extent The P-O-P-dependent de- 
struction of CDP-chohne observed m the presence of AMP or ATP vas 
unaffected by calcium was, as is the PC-cytidyl transferase of hver (12), 
and in marked contrast to the PC-glycende transferase of hver and seraina.’ 
vesicle It IS concluded from these expenments that seminal vesicle tissue 
exhibits marked PC-cytidyl transferase activity, and that this enzyme ij 
presumably responsible for the synthesis of CDP-chohne by this tissue 

DISCUSSION 

The enzymatic pathways for the synthesis of lecithin from CDP-choliue, 
and for the formation of the latter coenzyme, by seminal vesicle he!® 
described are similar to those already demonstrated in a number of other 
ammal and plant tissues (12) and testify further to the ubiquitous occur 
rence of cytidine coenzyme-dependent reactions for the biosynthesis o 
lecithin The most striking difference between seminal vesicle and hver is 
that in the former tissue the enzymatic degradation of CDP-chohne by 2® 
enzyme sirmlar to, or identical with, nucleotide pyrophosphatase is^ 
tremely rapid Only ui the presence of nucleotides such as AMP> ’ 
or DPN+, which inhibit the degradation of CDP-chohne, can the ku 
glyceride transferase reaction of seimnal vesicle be demonstrated to 
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place at moie than negligible lates The apparent “requiiement” foi 
adenine oi pyridine luicleolidcs foi the PC-glyceiide and PC-cytidyl trans- 
ferases in sennnal vesicle cinphasires the caution that must be taken in 
attributing dnect paiticipation of such cofactois in any multienzyme 
sequence 

The experiments desciibed above give little insight into the origin of 
the large amounts of GPC piesent in senunal vesicle secretion Even in 
the presence of a pool of added GPC, and undei conditions in which rapid 
synthesis of lecithin occuis, no foi mat ion of GPC fiom CDP-choline could 
be detected with oi vithout the fuithei addition of either glycerol oi a-GP 
Furthermore, the entiy of C” fiom CDP-chohne into lecithin was unaf- 
fected by GPC These findings suggest that a diiect formation of GPC 
from CDP-chohne and glycerol or a-GP does not take place in seminal 
vesicle tissue 

Recen%, Schnudt el al (29) have leported that the hvers of certain 
species contain considerable amounts of GPC and that the levels in this 
tissue, unhke those in intestine or pancreas, do not mciease upon autolysis 
They suggest that GPC may function as a building block for the synthesis 
of phosphohpides In this coimection it may be mentioned that prelim- 
inary experiments in this laboratoiy have shown that, whereas seminal 
vesicle homogenates supplemented mth ATP and CoA can esterify pal- 
mitate-l-C“ to hpide material in the presence of a-GP, httle oi no esteri- 
fication of the fatty acid occuis when a-GP is replaced by GPC This 
suggests that seminal vesicle tissue can readily form phosphatidic acids by 
estenfication of a-GP by the pathways described by Koinbeig and Pricer 
(30), but that under the same conditions GPC cannot be esterified to form 
phosphohpide Attempts to demonstrate the formation of GPC from free 
chohne-l,2-C^^ and from P-chohne by seminal vesicle preparations with 
the addition of ATP, CoA, and CTP, vuth or without fluoride present, 
have been umformly unsuccessful 

Dawson (31) has shoum recently that it is unhkely that GPC m rat 
hver IS a precursor of lecithin, and that GPC probably origmates from the 
hydrolysis of lecithin Experiments are under way to determine whethei 
the GPC in seminal vesicle secretion is derived from the degradation of 

phosphohpides w^hich contain the elements of GPC as part of their struc- 
ture 


SXJMMAEY 

1 The presence of high concentrations of n-a-glycerophosphorylchohne 
w the seminal vesicle secietion of sexually mature rats has been confirmed 
c levels of this substance fall after castration and can be restored to 
admimstration of androgens 

Seminal vesicle homogenates and cytoplasmic particles catalyze the 
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sjTithesis of lecithin fiom cytidine diphosphate choline and D-a,)3-digljcer 
ide Undei a number of expeiimental conditions foi which cytidme di 
phosphate chohne acts as a piecuisoi for the synthesis of lecithin in seminal 
lesicle, no foimation of L-a-glj’-cerophosphorylcholme fiom this citidmc 
coeiizjmie could be detected 

3 Homogenates of semmal vesicle, and various subcelluiar fractions 
isolated theiefiom, degiade cytidme diphosphate chohne rapidly Tb 
enzymatic destruction of c^didine diphosphate chohne was inhibited bi 
vanous adenme and pyiidme nucleotides The enzyme responsible for tb 
cleavage of cytidme diphosphate chohne m semmal vesicle is probaWr 
identical vnth the nucleotide pyrophosphatase of Kornberg 

4 Evidence is presented for the occurrence m seminal vesicle of an 
active PC-cytidyl transferase, which catalyzes the reversible formation ci 
cytidme diphosphate chohne from cytidme triphosphate and phosphor} 1 
chohne 

5 The origm of the L-a-glycerophosphorylchohne m seminal vesicle 
secietion is discussed 

Many of the compounds used m these studies were generously donated 
by Dr E P Kennedy and Dr S B Weiss, to whom the authors are deeplv 
indebted for their wise counsel and their constant encouragement 
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THE SEPARATION OF SPIIINGOLIPIDES BY ADSORPTION 
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It has been shown that the sphingolipide fraction is labeled during per- 
fusion of monkey biains with either acetate- l-C*'* or octanoate-l-C^^ (1, 2) 
To ascertain the site, or sites, of labeling, it is necessary to separate and 
identify the components of the sphingolipide mixture The early classical 
procedures for the isolation of individual sphingohpides from tissues of the 
central nervous system have depended essentially on differences in solubil- 
ity For example, glycosplungosides' (cerebrosides) have been separated 
from phosphingosides' (sphingomyelins) by means of cold and hot pyridine, 
respectively (4, 5), or by use of a senes of chloroform-methanol solutions 
of graded concentrations (6) Separation of the closely related glyco- 
sphingosides, kerasin and phrenosin, has been achieved by fractional pre- 
cipitation from acetone (4) Such methods are inadequate for our pur- 
poses, they involve lengthy procedures, reqmre large amounts of matenal, 
do not give quantitative recovery of the individual sphingohpides, and do 
not insure the complete removal of other hpides, owmg to the dissolving 
effect of one hpide on another 

In recent years, other techmques have been applied to the problem of 
hpide separation Phosphosphingosides have been freed from glycosphin- 
gosides by adsorption of the latter on alumina (7), and from glycerol-con- 
taming hpides either by transesterification with sodium ethylate in ethanol 
(8) or by mild sapomfication with dilute aqueous alkah (9) Glycosphmgo- 
sides have been freed from phosphohpides either by precipitation 
from chloroform-methanol solution with an aqueous solution of trichloro- 
acetic acid (10) or by passage through a column of magnesium sihcate (11) 
Taurog et al (12) separated chohne-contaimng from non-chohne-containmg 
phosphohpides of hver by adsorption on magnesium oxide In the present 
study the last mentioned approach was tned first without success, about 
35 per cent of the phosphorus and 43 per cent of the chohne were adsorbed 

, investigation was supported in part by research grant No B-344(C5) from 

6 nstitute of Neurological Diseases and Blindness of the National Institutes of 

Health, Public Health Service 

he nomenclature recommended by Folch and Sperry (3) is used throughout this 

paper 
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by magnesium oxide from sphmgolipide mixtures dissolved in methanol 
petroleum ether 

Sihcic acid has been used as the adsorbent in a vanety of hpide fraction 
ations Borgstrom (13) achieved the quantitative separation of phospho 
hpides from mixed lipides by adsorption on silicic acid from cUorofonn 
solution and elution mth methanol, and he fractionated mono-, di-, and tn 
glycerides on similar columns by the use of chloroform, benzene-chloroform, 
and benzene solutions, respectively (14) Sihcic acid columns have aho 
been used to fractionate the plasma hpides (15), to separate fatty acidj 
from phosphohpides (16), to isolate acetal phosphohpides (17), and to sepa 
rate phosphatidyl ethanolamine, lecithin, and lysolecithm from a phosplii- 
hpide mixture (18) The present commumcation adds to this hst a method 
for the quantitative separation of small amounts of sphingohpides by chro- 
matography on sihcic acid columns 

EXPERIMENTAL 

Materials — ^Merck’s sihcic acid and reagent grade acetone, chloroform, 
and methanol were used without further purification 

Preparation of Sphingohpides — A modification of the procedure of Carter 
et al (19) was used m isolating sphingohpides One-half of a fresh monkey 
bram weighing about 25 gm was homogemzed with 250 ml of acetone in a 
Warmg blendor, and the suspension centrifuged The residue was treated 
successively with three 200 ml portions of acetone and thi’ee 200 ml per 
tions of petroleum ether, the suspension being centrifuged after each addi 
tion of solvent In those experiments in which the brain had been perfused 
with a C^'^-labeled compound, the homogenate in acetone was first dried at 
low temperature in vacuo so that the acetone- and petroleum ether-soluble 
hpides could be obtained in the absence of water for other studies The 
residue, dried m air, from the foregomg extractions was treated ivith three 
200 ml portions of boihng 95 per cent ethanol, and the suspension filtered 
with suction after each treatment The precipitate which foimed 
the combined ethanol extracts were chiUed to 5° wms filtered and washed 
with acetone The white powder contained 16 5 to 17 6 per cent 
hexose (20) and 0 81 to 1 00 per cent phosphorus (21) For purposes o 
comparison, sphingohpides were also isolated by the same extraction pro- 
cedure from 10 pounds of hpides of beef spmal cord,^ and the resulting 
tan powder weighed 940 gm and contained 16 3 per cent hexose and 1 01 
per cent phosphorus 

All sphingohpide preparations weie exanuned for the presence of imp® 
ties {i e compounds not contaimng sphingosme) by determination o es 

TB? 

° The spinal cord hpides were obtained from Armour and Compan}’’, Chicago 
author IS indebted to Dr Norman S Hadin for suggesting this source 
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groups (22), fatty aldehyde,'’ fiee cholcsteiol (23), and free hexose (Bene- 
dict’s solution) The qualitative ninhydiin and orcinol leactions weie also 
apphed, and in some cases the sphingolipides weie subjected to purification 
by the method of Folch ct al (24) 

Prepmahon of Column — k suspension piepaied by thoioughly stirring 
50 gm of silicic acid in 100 ml of chloiofoim-methanol (2 1, v/v) was 
slonly pouied into a 20 X 400 mm column fitted with a flitted disk of 
coaise poiosity, above which was a bit of glass wool Entiainment of air 
was avoided As solvent passed tin ough the column, noth the concomitant 
settling of the silicic acid, moie chloiofoim-methanol was added until a 
total of 250 ml had been used When the level of solvent approached the 
surface of the adsorbent, chloiofoim was added in several portions totahng 
200 ml If the column had been properly prepared, after most of 
the chloroform had passed through, the silicic acid was umformly translu- 
cent If any areas of opacity remained, probably because of inadequate 
nmong of the sihcic acid and chloiofoim-methanol, the column was rejected 
A fresh column was prepared for each determination 
Attempts were made to accelerate the preparation of the column and to 
mcrease its flow rate either by nuxing Hyflo Super-Cel mth the sihcic acid 
(14) or by adding the sihcic acid, pieviously washed by decantation with 
chloroform-methanol, directly to the column from a chloroform suspension 
Both measures dimimshed the resolving power of the column 
Significant amounts of sihcic acid were carried mto the effluent during 
the preparation of the column, washing mth chloroform being continued 
until the effluent was free from residue If sihcic acid ivas present in the 
hpide fractions, as occasionally happened despite this precaution, it was 
removed by treating the residue obtained on evaporation noth chloroform- 
methanol and filtermg it through sintered glass 
Operation of Column — The last chloroform wash was allowed to flow until 
the surface of the adsorbent was barely exposed At this instant, the sphm- 
gohpide sample, dissolved in 10 ml of chloroform-methanol, was added 
■ffith care to avoid turbulence in the adsorbent The solution was allowed 
to enter the column until the sihcic acid surface was just exposed when 10 
wl of chloroform were added After this had drained to the adsorbent 
surface, 50 ml of chloroform ivere added The column was clamped mto 
position on a constant volume fraction collector and connected to a gradient 
elution apparatus similar to the one described by Busch et al (25) Meth- 
anol was transferred by the pressure of dried air from a reservoir contaimng 
500 ml to a flask which contained 400 ml of chloroform, and in which the 

Aldehydes were determined by a method developed by Dr J Wittenberg and 
'■ Korey, to ■whom the author is indebted for details of the procedure prior to 

publication 
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solvents -were mixed by magnetic stirrmg The solvent -was earned to the 
column by a glass tube through a rubber stopper which sealed the chro- 
matographic tube A 21 gauge needle to which was attached a short piece 
of rubber tubing with a pinch clamp, and which was inserted through the 
stopper, provided a manual pressure release valve The eluting solvents 
came m contact only with glass, and the pressure was regulated to maintain 
a flow rate of 40 to 45 ml per hour The eluates were collected m 5 ml 
fractions 

Analyhcal Methods— The eluates were combmed in groups of five and 
analyzed for hexose, with galactose as standard (20), and phosphorus (2i) 
The fractions which lay within a given band, as established by these deter 
mmations, were combmed, concentrated under a stream of mtrogen in a 
water bath at 50°, transferred quantitatively to tared 10 ml volumetnc 
flasks, and dried to constant weight Deternunations of the following 
were then earned out fatty aldehyde, free ammo groups, ester groups (22), 
hexose, phosphorus, iodine number (26), neuramimc acid by the oremol 
reaction (27), chohne, and mtrogen The mercunc acetate catalyst gave 
erratic results and was omitted m the determination of the iodine nvun 
ber (28) The method used for chohne determination is based on the iso- 
lation of the reineckate from butanol solution (29) and apphcation of the 
Cazeneuve reaction (30) after oxidation to chromate Nitrogen was deter 
mined by digestion with concentrated H 2 S 04 in sealed tubes at 370® for 
18 hours and subsequent nesslerization Eadioactive samples were counted 
to a standard error of 5 per cent, all the values were corrected to infinite 
thickness 

Isolahon oj Fatty Acids — ^Portions of the correspondmg fractions fron 
several chromatographic separations were obtained, evaporated under 
mtrogen, and hydrolyzed with 25 ml of 1 8 n methanohe H^Oi 
for 5 hours (31) The fatty acids and their methyl esters were extracted 
with several portions of petroleum ether (b p , 60-70°) totahng 40 ml , th'’ 
solvent was removed by a stream of mtrogen, and the residue was sapom 
fled by refluxmg it for 30 mmutes with 20 ml of n NaOH m 85 per cent 
ethanol The solution was acidified and the fatty acids were extracted with 
petroleum ether The extract was dned over Na 2 S 04 , and, after removal 
of the solvent, the fatty acids obtamed from each band were subjected to 
fractional precipitation from absolute, 80 per cent, 67 per cent, and 50 P 
cent ethanol and recrystalhzed three or more times from the solvent of or 
igm 


Results 

The analyses of the sphingohpides before chromatography indicated th^ 
absence of fatty aldehydes, free cholesterol, and free hexose, whereas 



B WEIS3 


527 


ester group, niiih 3 ^dnn, niid oi cinol reactions weie positive Application 
of the puufication pioceduie of Folch cl al (24) had no detectable effect on 
the analyses 

In a typical cliromatograpliic sejiaration of a sphmgohpide preparation 
from monkey brain, the presence of at least seven components was demon- 
strated (Fig 1) Of these, four emerged from the column in well defined 
fractions, the smallest of which was eluted m band I by chloroform con- 
taming small amounts of methanol in the second 50 ml of efiiuent 
Band II appeared after 175 ml of solvent had passed through the column 



VOLUME OF ELUATE (ML) 


Fig ] Chromatographic separation of 94 7 mg of a sphingolipide preparation 
from monkey brain A sihcic acid column and gradient elution nith chJoroform and 
methanol were used Band I was eluted with chloroform containing small amounts of 
methanol The concentration of methanol was approaching 100 per cent during the 
elution of band V Each sample contained 25 ml of eluate The phosphorus values 
vere arbitranly multiplied by 10 for convenience in plotting 


Although this band comprised the major fraction (Table I), its emergence 
was sharp and spread over a relatively small volume of eflSuent Band III, 
the second largest fraction, followed immediately after band II and was 
equally sharp There next appeared three peaks. A, B, and C, which were 
less well defined and could not be further resolved They were grouped 
under the designation of band IV and analyzed together Band V was 
most strongly adsorbed, as seen by its position and broad, plateau- 
1 e shape It has been shown that the strength with which hpides are 
eld by an adsorbent varies as a function of their polarity (32) Dunng 
determination, a yellow band, adsorbed at the top of the colunm, re- 
mained immobile dunng the development of the chromatogram Accord- 
mg to weight, the five fractions accounted for an average of 78 per cent of 
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the material placed on the column, but average recovenes of 94 4 and 934 
per cent, lespectively, of hexose and phosphorus were obtained Some of 
the loss repiesented by these values may be explained by letention of mate 
iial on the colunm, paiticularly in the yellow band Also, m pooling the 
samples, some eluates at the extreimties of the bands were omitted 
evident that the mateiial which was lost in these ways contained much 
smaller concentiations of hexose and phosphorus than the fractions which 
vere analyzed A sphingohpide prepaiation fiom beef spinal cord ga\e 
results (Fig 2) which -were similar to those yielded by the preparations of 
monkey brain The same number of bands was obtained m the same reli 



Fig 2 Chromatographic separation of 98 0 mg of a sphingohpide preparatio 
from beef spinal cord For the procedure and meaning of the characters used in plot 
ting, see the legend to Fig 1 

tive positions, but there weie differences Band I wms much larger, 
band IV much smaller, and hexose Peak C wms absent Bands I to V con 
tamed 21 0, 37 6, 14 3, 7 3, and 19 8 per cent, respectively, of th 
total weight recovered 

In some expeiiments, ahquot portions of the sphingohpide preparations 
■were chromatographed with and Avithout piior purification by the mefiioii 
of Folch et al (24) The results, which a\ eie unaffected by the purification, 
render unhkely the possibility that ivatei -soluble substances such as haxo c 
phosphates were present in any of the fractions 

Occasionally, the solution of sphingohpides in chlorofoim-metbanol iias 
turbid Such solutions w’^ere usually filtered, but the results were the same 
when they were apphed to the column ivithout treatment 

Most of the data lepoited here were obtained on sphingohpide sampf' 
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weighing fiom GO to 100 mg These amounts aie well within the lesolvmg 
poiiei of the column In scveial expciimeiits, 200 mg samples (4 mg 
pel gm of silicic acid) cie cleanly scpaiatcd, but a pionounced oveilappmg 
of bands occuiicd i\hen 400 mg samples ncie used 
The analytical data (Table I) show l.hat he\ose w'as piesent m all bands 
except band V and phosphoius only m bands IV and V, and choline w'as 
absent fiom all bands except band V The peicentage values and molai 
ratios foi bands I and II agiee closely Avith the theoietical composition of 

Table I 


Composition of Bands Obtained from Chromatography of Monkey Brain 
Sphingohpide Mixture on Silicic Acid 


Component 

Original 

mixture 

Band No 

I 

II 

III 

IV* 

V 

Choline, % 

2 46 

0 

0 

0 

0 

13 84 

Hexose, % 

16 04 

20 16 

21 57 

21 44 

10 4 (a) 

0 

Nitrogen, % 

2 17 

1 66 

1 67 

3 24 

3 23 (6) 

3 27 

Phosphorus, % 

1 05 

0 

0 

0 

2 22 (c) 

3 45 

Choline N, molar ratio 

0 13 

0 

0 

0 

0 

0 51 

Choline-P, " “ 

0 61 

0 

0 

0 

0 

0 99 

Hexose N, “ “ 

0 57 

1 01 

1 02 

0 65 

0 32 (d) 

0 

Hexose-P, “ “ 

2 71 




0 84 (e) 

0 

Phosphorus-N, molar ratio 

0 21 

0 

0 

0 

0 39 if) 

0 50 

Ester group P, “ << 





0 31 ig) 

0 

Fatty acid, °C (m p ) 


84 

101-102 

84-85 


73-74, t 







62-53t 

Veight, % 

100 0 

4 4 

38 1 

24 5 

1 

19 3 

13 7 


* These quantities represent averages of values ranging from 1 89 to 21 5, 2 40 to 
4 15, 1 95 to 2 52, 0 05 to 0 50, 0 16 to 1 66, 0 24 to 0 68, and 0 to 0 66 for (a), (b), (c), 
(®)> if), and ig), respectively 

t Two fatty acids, melting at the points indicated, were obtained from this band 


conventional glycosphingosides The data for band III indicate that it 
consisted of a glycosphingoside which contamed 2 atoms of mtiogen per 
mole of hexose, and those for band V are m close agreement with the theo- 
retical composition of phosphosphmgosides The ividely vaiiable data 
from band IV are in accord with the chromatographic findings (Figs 1 to 3) 
which show that a mixture of substances was present in this fraction The 
substances w'hich reacted with orcinol and mnhydiin in the original prepa- 
ration were present m band IV, these tests being negative in the 
ot er bands The presence of neuiamimc acid, indicated by the orcinol 
reaction, was also suggested by the observations that a brown piecipitate 
ormed ivhen ahquots of the material in band TV wmre heated with 16 pei 
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cent H2SO4 and that the solution remained colorless ivith the formation of 
a fine, ishite precipitate in the presence of 0 2 n NaOH (33) In most ex 
periments, ester groups were found m band IV m significant amounts (Ta 
ble I) The other bands showed at the most a veiy shght ester group re 
action The average ester group -phosphorus molar ratio in band R 
from beef spmal coid preparations was much smaller (0 06) than that from 
monkey brain sphingohpides The average ratios of total band V to total 
band IV phosphorus were 1 78 and 3 03 for monkey brain and beef spmal 
cord pieparations, respectively In agreement with the analyses of tte 
total sphingohpides, no fatty aldehydes were detected in any of the bani 



Fig 3 Chromatographic separation of 76 2 mg of a C'‘-labeIed sphingohpii’ 
preparation from monkey brain Radioactivity in total counts per minute is shon 
by X , and plotted according to the scale on the right vertical axis For the pro- 
cedure and meamng of the other characters used in plotting, see the legend to Fig 1 

The average iodine number of the sphmgohpide preparations was 31 8 
The iodine numbers of the five bands, which were all fairly close to thij 
value, gave no indication of the separation of a fraction xvith a consistent!) 
high or low degree of unsaturation The theoretical lodme numbers of ffc 
glycosphmgoside, kerasin, and the phosphosphingoside, hgnoceiylspfuDg®" 
sylphosphorylchohne, are 31 3 and 30 5, respectively 
In an attempt to identify further the compounds present m the vanoiis 
fractions, the fatty acids were isolated from all of the bands except band 
Bands I and III each yielded a fatty acid which crystalhzed from 67 
cent ethanol Band II gave a fatty acid which crystalhzed from abso u s 
ethanol Two fatty acids were derived from band V, one crystalhzing w® 
80 per cent and the other from 50 per cent ethanol The hnuted 
of these fatty acids precluded any exammation of them beyond the 
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mination of their melting points (Table I) No conclusions can be drawn 
fiom such data, but the lesults are in accoid with the assumption that the 
fatty acids had the following identities Bands I and III, lignoceric, band II, 
cerebronic, and band V, aiachidic (Inghei melting of the two present) The 
leported melting points of these fatty acids are 83-84°, 100-101°, 
and 74-76°, respectively No identity is suggested foi the acid from band V 
with a melting point of 52-53° Its lead salt melted at 99-101° 

Labeled sphingohpide preparations from monkey brains ivhich had been 
perfused vutli acetate-l-C“ or octanoate-l-C^'* were purified by the pro- 
cedure of Folch ct al (24) and chi omatographed In a typical experiment 
with sphingohpides from an acetate-pei fused brain, one peak of radioactiv- 
ity coincided with phosphorus peak (A) of band IV, another laiger peak 
coincided approximately ivitli the liexose peak (C) of band IV but over- 
lapped band V, and a third small peak was ovei band V (Fig 3) Similar 
results were obtained wuth labeled sphingohpides from brains perfused ivith 
octanoate, except that a single peak of radioactivity ivas eluted, it coincided 
uath the hexose peak (C) of band IV The possibihty that the radioactiv- 
ity of the sphingohpides ivas the result of contamination by the perfused 
labeled fatty acid was ruled out by an experiment in ivhich labeled octanoic 
acid was added to unlabeled splungolipides When this preparation w^as 
chromatographed, all the radioactivity emerged ivith the gtycospbrngoside 
of band I 


DISCUSSION 

The data obtained in this investigation give conclusive evidence that 
three glycosphingosides were separated m bands I, II, and III, and that 
two species of phosphosphingoside were present in band V, they give stiong, 
though not conclusive, support to the assumption that the compounds m 
bands I and II are kerasm and phrenosm, respectively The presence of 2 
atoms of mtrogen per mole of hexose m band III mdicates that it consists of 
a hitherto unrecogmzed glycosphingoside Smce this compound gave no 
ninhydrm reaction, it is reasonable to assume that the 2nd mtrogen atom 
JBay be present as an acetylated anuno group attached to the carboh}’’- 
drate portion of the molecule 

The data for band IV from monkey brain indicate that it contains at 
least one phosphorus-contaimng and two carbohydrate-contaimng com- 
pounds The positive orcmol reaction suggests that the carbohydrate was 
present m ganghosides, which are reported to contam no free ammo group 
s-nd to yield on hydrolysis 5 moles of hexose, 2 moles each of fatty 
^01 , sphingosme, and neuraimmc acid, and 1 mole of acetylated hexosa- 
’wne (33) The presence in band IV of a free amino group, shown by the 
ydrin reaction, and the absence of chohne remain to be explained It 
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^^ould be possible to account for both findings by the assumption that the 
phosphorus-contaimng compound was a cephahn which had not been re- 
moved in the preparation of the sphingohpides This explanation is ren 
deied unhkely by the ester group-phosphorus molar ratios, which Mere zero 
m some experiments in v'hich the usual amounts of phosphoms nereprej 
enf, and v^hich appeared to vaiy to some extent with the concentration of 
hexose-contaimng material The findings could be explained by the pre^ 
ence of a splnngohpide contaimng phosphorus, a free ammo group, and no 
choline These requirements would be satisfied by sphmgosyl phosphafe 
or analogues of sphingomyelin contaimng ethanolamme or serine such av 
the cephahn B of Biante (34), or possibly the akah-stable, cholme-freefr/ 
tion described by Dawson (35) Compounds such as sphmgosyl phosphate, 
psychosme, and ceranude, w'hich may be intermediates in the s3mthesis of 
sphingohpides, have not been found m the brain, and no direct endence 
for their presence was obtained m this investigation Thannhauser and 
Boncoddo (36) found dipalrmtyl lecithm to be a contarmnant of phospho- 
sphingoside pieparations No evidence for its presence v^as obtained in 
this study, since no fi action contained both chohne and sigmficant amounts 
of ester groups If it was present in the sphingohpide preparations, it was 
piobably retamed on the column 

Chemical changes have been shown to occur on vanous adsorbents used 
in chromatography (37, 38), including the isomerization of iS-monoglycende 
to the a foim on silicic acid (14) No indication of stiuctural alterations 
was seen m the present studies, although it is possible that they occurred, 
particularly m the compounds of band IV It was previously reported (2) 
that choline, fatty acids, and sphingosme, isolated from labeled sphingo- 
lipides, contained no radioactivity This finding and the results of the 
present study suggest that the C“ activity of sphingohpides resides in the 
carbohydiate moiety This interpretation leaves unexplained, howeier, 
the presence of activity in the phosphosphingosides of band V 

SUMMARY 

A chromatographic method is described for the separation of the sphinSO" 
lipides of the central nervous system by gradient elution inth cblorofom 
and methanol from a silicic acid column 

Sphmgohpides fiom monkey brain and beef spinal cord gave similar chio- 
matographic profiles, but theie were considerable quantitative difference- 
in the size of the fractions, and a carbohydiate-eontammg fraction, pee'™ 
m monkey bram pieparations, was not detected in sphingolipides ro® 
beef spinal cord 

Three glycosphmgosides were sepaiated (m bands I, II, and HI) 
tively pure foim Two of these (in bands I and II, respectively) appea 
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to be keiasiii and pliienosin, the thud contained 2 atoms of mtrogen pei 
mole of he\ose and a fatty acid which was piobably hgnoceric acid 
Two species of phosphosphingoside Aveie eluted in band V The fatty- 
acid 111 one of these was piobably aiachidic acid 
One of the fi actions (band fiom monkey biain sphingohpides in- 
cluded at least one phosphoi us-conlaming and two caibohydiate-contaimng 
components, piobably ganghosides Possible explanations of the presence 
of a fiee an-uno group in, and the absence of choline fiom, this fraction are 
discussed 

Most of the radioactivity of sphingohpides, labeled by peifusion of mon- 
key brains vuth acetate-l-C*^ oi octanoate-l-C'^ Avas found m band IV 
Octanoate-l-C“, added to unlabeled splungohpides, emeiged Avith the gly- 
cospbmgoside of band I 
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We have lecently presented a hypothesis of the mechanism by which the 
mutation rate of Eschcnclna coli is increased m the presence of methyl- 
\anthmes (1) It was suggested tliat methylxanthines partially inhibit 
the synthesis of some nucleic acid mtei mediates, thus causing an increased 
probabihty for the utilization of a substitute compound in the synthesis of 
the specific polynucleotide that carries the genetic information This hy- 
pothesis IS consistent ith two other findings first, the complete absence 
of incorpoiation of radioactive methylpurmes by growing cultures (2), and, 
second, the obseived inhibition by methylpurmes of the purme nucleoside 
phosphorylase present in extracts of this organism (1) 

In the work presented here, we have extended these enzymatic studies 
A single preparation of an extract of E coh was assa 3 ’-ed under a variety of 
conditions for its abihty to attack various nucleosides By using a smgle 
preparation, n e n ere able to make reproducible measurements ivithout the 
comphcation of batch to batch variation m enzymatic activity which was 
noted previously The effects of a number of purine and pyrimidine com- 
pounds on the vanous nucleoside-splitting activities were then measured 
by carrying out each reaction in a suitable buffer at the appropriate pH 
From this study the existence of two additional types of enzymes, a hydio- 
lase and transnbosidases, w as inferred These activities were then directly 
demonstrated by separations achieved by starch block electrophoresis 
The relationship of inhibition of enzyme activities to the hypothesis of 
mutagenesis as well as to other biological effects of these purines and pyrimi- 
dines IS discussed 


Vork performed under the auspices of the United States Atomic Energj’’ Com- 
^ssion A preliminar 5 ' report of this work was presented at the meeting of the 
American Societies for Experimental Biology at Atlantic Citj, April, 
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Methods 

Preparation of Enzyme Extracts — 10 liteis of medium ueie inoculated 
\wth E coh stiam B 1,5 and the cultuie was giown, harvested in the ex 
ponential phase of growth, ground xvith alumina, and exti acted mth 001m 
tiis(hydio\Tinethyl)ammomethane (Tns) buffer at pH 7 5, as prexuoush 
described (1) The extiact was centiifuged at 25,000 X g foi 30 minute., 
dispensed m 2 ml ahquots, and stored in the deep fieeze Tins extract 
appeared to be considerably more active than the prepaiations used pie 
viously 

Sxihstiates—Foxiv substiates were used m this study hypoxantlune nb- 
side (HXR), guamne iiboside (GR), guamne deoxyriboside (GDE), eI 
hypoxanthme deoxyriboside (HXDR) The first three compounds are 
axmilable commercially, and the ribosides were purchased from the Schwarz 
Laboratories, Inc , and the deoxyiiboside from the Cahforma Foundaiioa 
for Biocheimcal Research HXDR was prepared by the deammation of 
adenme deoxyriboside xnth a mammahan adenosme deaminase prepara 
tion (3), kindly supplied by Dr F Schlenk ^ 

It xvas necessary to use the hypoxanthme rather than the adenine dema 
tives because the bacterial extract contained a considerable amount of nu 
cleoside deaminase xvhich would have acted on adenme compounch, 
releasing hypoxanthme compounds that would migrate xvith differential 
values and thus complicate the interpretation of the experimental lesulfs 

Enzyme Assays — ^The folloxving basic assay system was used 0 1 nil of 
enzyme, 0 2 ml of inhibitor or water foi controls, 0 1 or 0 3 ml of substralf, 
and 0 1 ml of buffer, xvith an incubation period of 1 hour at 37° The eo 
zyme extract xvas diluted xvith water so that an optimal degree of reach 
occurred in the experimental system The dilution used was 1 4 for fb 
measurement of the splitting of HXR and 1 10 for the other compound 
Since hypoxanthme compounds are quite soluble, a sufficient amounf o! 
substrate could be contamed in 0 1 ml Guamne compounds are raucli 
less soluble, and 0 3 ml was required to supply the necessary amount 
amounts of the various substrates m the reaction system were (in nucro- 

‘ 20 mg of dry enzyme powder xvere added to 100 mg of adenme deo\}Tibo«dcio 
20 ml of water, and the mixture was incubated at 37° for 20 hours Althougb t e 
solution was unbuffered, the pH did not change greatly during the course of the ^ 
action (pH 6, original, pH 7 6, final) The reaction nas followed bj 
photometric procedure of Kalckar (4) The reaction mixture was made al 
(pH 11) and adsorbed on a Dowex 2 anion exchange column 
pounds are held much more strongly than adenine compounds because of 
tion of the hydroxjd group of the hypoxanthme Thus, by slowlv decreising^^^ 
pH, adenine compounds are removed before the hypoxanthme compoua . 
isolated product was pure, containing no adenine compounds and no free 'P 
thine, as assessed by paper chromatography The j'leld was 97 per cent 
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moles) HXR, 1 81 , HXDR, 1 84 , GR, 2 12 , and GDR, 2 25 All inhibitor 
stock solutions weie 25 inji In the hypoxan thine expeiiinents, the inhibi- 
tors weie present at a final concentiation of 10 miu, but in the guanine ex- 
periments, because of the additional volume of watei, the concentration 
was 7 1 mil 

Three t 5 ^pes of buffeis weie utilized The fiist -was a 0 5 m arsenate solu- 
tion of specified pH Such solutions give adequate buffeimg at pH 5 and 9 
(the pK values of aisenic acid aie 4 4 and 9 2), but not at pH 7 5, w^here 
careful neutralization is then lequiiedfoi inlubitors that are soluble only at 
low or lugh pH 

In this type of buffer, both the phosphoiylase and hydrolase activities 
will be measured The phosphoiylase reaction is lendeied irreveisible by 
the spontaneous hj’-drolysis of the ai senate-1 -phosphate that is formed by 
the enzymatic action The second type of buffer contained no arsenate 
or phosphate and thus eliminated phosphorjdase action, 05 m succmate 
was used at pH 5, and 0 5 m Tiis at pH 7 5 and 9 The thud type of buffer 
was a combination of ai senate and either succinate or Tns, and was 0 5 m 
m each component 

For each of the four substrates, measurement of the rate of sphttmg pre- 
sents a different problem, although in all four cases w^e have relied mamly 
on the isolation and estimation of the free base by paper chromatography 
and ultrainolet absorption measurements For HXR the chromatographic 
solvent system was ii-butyl alcohol saturated vnth water-saturated boric 
acid (5) , in this solvent system the iibose compounds do not migrate The 
Rf values of vanous substances are indicated in Table I This system is 
not satisfactory for the remaining three substrates, since guamne com- 
pounds do not imgrate, and the deoxyribose derivatives m general are not 
well separated from the corresponding free bases Therefore, we have 
employed a two-phase S 3 '’stem of aqueous 5 per cent Na 2 HP 04 overlaid vnth 
isoamyl alcohol (6), the Rp values of various compounds in this solvent 
system are given m Table V It is to be noted that Carter originally re- 


ported that guamne does not migrate in this solvent system, presumably 
because of its very low'^ solubihty How^ever, it was found that if the gua- 


nine is apphed to the paper while m solution, it imgrates with a characteris- 
tic Rp of 0 47, although, if crystallization occurs, it does not migrate With 
careful attention to this point, and use of Whatman No 3 MM paper which 
has much greater capacity than does the thinner Whatman No 1 paper, it 
has been possible to measure guanine production satisfactorily 
Rlectrophoresis — ^We have employed the starch block electrophoresis 
(echmque (7, 8) in an attempt to separate the observed activities In our 
apparatus the block is 48 cm long, 5 cm wnde, and 1 5 cm deep The 
starch was washed m, and the electrophoresis w^as carried out m 0 05 m Tns 
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buffer, pH 7 5 Two experiments were performed, each uath 2 0 ml sam 
pies of enzyme In the first, which was run for 16| hours at 200 volts at 
3=', there was partial resolution of the enzyme activities (Fig 1) 

Table I 


Enzymatic Splitting of Hypoxanthine Riboside 




pH 9 0 

pH7S 


pH 5 


Control* 


Arse- 

nate 

Tns- 

arse- 

nate 

Tris 

Arse- 

nate 

Tns- 

arse- 

nate 

Tris 

Arse 

nate 

Succi 

nate 

arse 

S Oj. 

C 


art 






nate 





0 69 

0 29 

0 96 

0 93 

0 39 


050 

on 




±0 03 


±0 04 


±0 03 


iCC! 

Addition 


Per cent inhibitiont 

Caffeine 

0 61 

50 

38 

12 

59 

56 


35 

66 

1 

Theobromine 

0 42 

94 



77 

21 


20 

14 

1 

Theophylline 

0 53 

57 

40 


47 

58 


37 

53 

1 

Carboxamide 

4 , 5, 6-Tnaminopyn- 

0 25 










inidines§ 

0 26|i 


-40 



0 



0 


6-Mercaptopunne 

0 23(1 





70 



51 

1! 

Tetrameth 3 ''luric acid 

0 57, K 

0 15 

15 

28 

H 

20 

35 

57 

24 

40 


Benzimidazole 

0 

87 

47 

50 

20 

6 

22 

3 

-23 

0 

8-Azaguanine 

0 0511 

35 


17 

19 

10 

0 


-5 


2, 6-Diaminopurine§ 

0 2111 





38 



30 


Adenine 

0 40 

69 

66 

51 

46 

34 

-15 

4 

8 


Guanine 

0 

89 

21 

9 

7 

11 

6 

-15 


IffiCI 

Xanthine 

0 

39 

21 

12 

4 

20 

-4 

-IS 



Hypoxanthine 

0 21 









■ 

Uracil 

0 37 

5 

-5 

-42 


0 

-46 


8 

5 

Thyxmne 

0 52 

-6 


-17 

5 

-5 

-31 


—15 


Cytosine § 

0 21 


29 



11 



0 

0 

-u 

-61 

-6! 

fl 

-pi 

5-Methylcytosine 

0 29 

38 

6 



0 

-3 


-6 

-3 

-21 

-12 

5 

-25 

5-Aininouracil 

4 , S-Diamin ouracil 
5-Bromouracil 

0 19|i 

0 

0 39 

78 

65 

12 

24 

25 
6 

14 

30 

3 

13 

-2 

-4 

0 


-5 

Thiouracil 

0 42 

8 

6 

56 

2 

16 


24 

Diazouracil 

0 15, 

0 

7 



3 




0 35K 










4- (6) -Aminouracil 
2,4,5-Triamino-6- 

30 

22 







-7 

-20 

h 3 'drox 3 '-pyrimidine 

OH 

12 

9 

-7 

3 

5 

4 
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Tabld I — Concluded 

* Control ritch ire c\picbbc(l m niiciomolcs of free b ise piociueed per hour at 37° 
m the standard assa\ The standard dcvi itions of the controls run from daj" to day 
are given 

f ffpin n but\l alcohol saturated with watci -saturated bone acid 
t Percentage inhibition = [1 — (rate with iiihibitor)/(control rate)] 100 
§The effect of these substinces on the splitting of hypoxanthine riboside could 
not be measured b^ using the borate sj'stcm because thej migrate with hypo\an- 
thine Therefore, the reaction mixture was chromatographed by the Na 2 HP 04 sjs- 
tem 

II Indicates fluorescence of (he compound 
UMajor component 



Fig 1 Run Nq 1 O riboside phosphorylase, pH 7 5, A deoxynboside phos- 
phorylase, pH 5, • transriboside -guanine, pH 5, □ transriboside-thymme, pH 5, 
• hjdrolase, pH 7 5 Enzy me assays were carried out as indicated in the text For 
each enzyme activity, the assay was carried out at its optimal pH Note that less 
enzyme solution was used for the deoxynboside phosphorydase because of its ex- 
tremely high potency The assays period was extended 4-fold for the hydrolase and 
transribosidase assay s Electrophoresis conditions 200 volts, 8 ma , 16J hours at 
3 , the pH of the electrode of vessels remained at 7 5 

second the time yvas the same, but the voltage was inci eased to 500 volts, 
^ere a complete separation of the hydiolase activity was achieved, but 
the remaming components yvere not lesolved The leason for this is 
evident, the increased wattage brought about a situation such that the 
buffer capacity w^as locally exceeded, and this caused the pH of the anode 
vessel to drop to 6 9 at the end of the run Undei these conditions, the 
proteins ivhich are migratmg as anions become less negatively chaiged as 
^ ley approach the anode vessel and may even change their direction of 
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migiation Thus, proteins of different mobihties at the imtial pH maj 
reach the same final position if the buffei capacity is exceeded 
After the electiophoresis was concluded, determinations of enzyme ac 
tnuty u ere made on 1 cm sections cut from the block The starch sample 
was shaken mth 2 ml of water, a quantity approximately equal to the 
volume of liquid contained by this amount of staich The starch a as 
allowed to settle and ahquots of the liquid were removed for enzymatic 
analysis For all assays, a mxxture of buffer, substrate and acceptor nas 
prepared so that, when 0 2 ml (0 1 ml for the deoxynboside phosphonl 



Fig 2 Run No 2 O riboside phosphorylase, pH 7 5, A deo\j riboside phts 
phorylase, pH 5, o transriboside- guanine, pH 5, □ transriboside-thymine, pHi, 
• hydrolase, pH 7 5 Assay conditions as described in Fig 1 Electrophoresis cot 
ditions 500 volts, 38 ma , 16| hours at S'”, final anode, pH 6 9, final cathode, pHSl 

ase analysis) was added to 0 1 ml of the mixture, the concentration of all 
components would be the same as that indicated above After incubatm 
at 37° for 1 hour, and for 4 hours in the case of the hydrolase and trans 
nbosidase analyses, aliquots were chromatographed and eluted and tbe 
extinction was measured as described We were thus able to assaj' for 
enzyme activity, cm by cm , over the complete length of the starch blocl 
(Figs 1 and 2) In regions where no activity is indicated in the 
no HX was pioduced under the specified conditions from that segment o 
the block 


Results 

Splitting of FTXi?— The effects of various substances on the 
of HXR at three pH values and in different buffers are presented m ® 
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I The results aie calculated as per cent inhibition of the contiol values 
obtained on that lun, and aie usually the average of two oi three independ- 
ent obseivations It was found that usually the reproducibility of the 
per cent inlubition vas gieatei than that of the control values, because 
variations between luns are elinunated by this method of calculation 

As indicated by the data piesented, tins enzyme extract catalyzes the 
hydrolysis of HXR The reaction is not caused by contammation with 
traces of phosphate as shovm by the following evidence First, the deoxy- 
ribose compounds, which would be hydrolyzed if small amounts of phos- 
phate were present, are not decomposed undei these conditions Second, 
differential inhibitoiy effects are observed for some of the substances tested 
in the two media, foi example, at pH 9 diazouiacil appears not to inhi bit 
the phosphorylase activity but does mhibit the hydrolase, and caffeme 
and theoph 3 dhne show' the reverse behavior Third, this activity can be 
separated from the phosphorylase 

The optimal pH of the hydrolytic reaction appears to be at pH 7 5 
However, there may be two hj'^drolytic activities, smce theobromine is a 
complete inhibitor at pH 9 0 but is only shghtly inhibitory at pH 7 5 

In addition to hydrolase activity, another type of enzymatic activity 
must be assumed, smce it is apparent that the addition of various purmes 
and pjuimidmes tends to stimulate the production of hypoxanthine from 
HXR This is presumably the lesult of the presence of an enzyme of the 
transglycosidase type The observation is of mterest because it is the 
first demonstration of action of an enzyme upon the TV^-riboside bond as 
distmct from the A'’-deoxynbose bond The presence of several distmct 
enzymes seems to be mdicated At pH 5, transference of the nbose be- 
tween the hypoxanthme and other purmes is greater than the transference 
to pyrimidines, the reverse is true at pH 7 5 and 9 0 It has been reported 
(9) that the transglycosidase activity of E coh on deoxynbosides consists 
of two specific enzymes a purme-purme type, and a pyrmudme-pyrimidme 
type Thus, no conversion of punne deoxynboside to pynmidme deoxy- 
nboside is possible m the absence of phosphate, but this is clearly not the 
case ivith the transnbosidase activity 

It IS of mterest to know whether the transribosidases are inhibited by 
methybcanthmes Table II show^s the mhibition of the transnbosidase by 
caffeme at pH 5 Smce the sphttmg of HXR m succinate buffer is unaf- 
fected by the addition of caffeme (Table I), it may be concluded that the 
hydrolase is umnhibited, and the effect of caffeine m the presence of guanine 
Can be attnbuted to the inhibition of the transnbosidase It may be 
calculated from these data that the degree of inhibition of this enzyme 
Under these conditions is 50 per cent This experiment is not directly 
comparable to those m Table I, smce in this experiment the concentrations 
of both the inhibitor and the acceptor were 5 nm (one-half the usual con- 
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centration) In Table III, data for the inhibition of the purme-pynmidme 
transribosidase are presented, and in these experiments both the acceptor 
and the inhibitor were piesent at a concentration of 10 mM The degree 
of inhibition of the transribosidase is calculated to be approximately oO 
per cent at pH 7 5 and 100 per cent at pH 9 0 Thus, transribosidases are 
sensitive to methylxanthines It is of interest that a number of unnatural 
pjTimidmes are acceptois for the transiibosidase Of those tested ter? 
5-ammouiacil, 4,5-diaminouracil, 5-biomouracil, diazouracil, and 2,4,o. 


Table II 

Inhibition by Caffeine of Purine-Furine Transribosidase 
Active at pH B in Succinate Buffer 


System 

HX produced 


fimtile per hr 

HXR 

0 13 

" + guanine 

0 51 

“ + “ + caffeine 

0 32 


Table III 

Inhibition by Caffeine of Purine-Pynmidine Transribosidase 
in Tris Buffer 


System 

HX produced 

pH 7 5 

pHSO 


limole per hr 

pmleperhr 

HXR 

0 357 


“ + caffeine 

0 352 


“ + uracil 

0 439 


“ + caffeine + uracil 

0 393 

0 272 


triammo-6-hydroxypyrimidine are acceptors, as is the unnatural punne, 
S-azaguamne 

It IS clear that the effects of the various substances on the phosphorylas® 
are obscured to some degree by the presence of the hydrolase and traas 
glycosidases, and one should be able to estimate the effect of a substance 
on the phosphoiylase by compaimg the results in the presence and t c 
absence of arsenate At pH 9, caff erne in ai senate buffer inhibits ^ 

reaction by 50 per cent, whereas in Tns buffer the reaction is inhibited ' 
only 12 per cent From the reaction velocities in the inhibited and con w 
vessels, it can be computed that the phosphorylase is inhibited by < F 
cent Such a calculation is not vahd, because there appear to be sipv 
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cant buffei effects The icaction late in ai senate is not equal to the rate 
in arsenate-Tiis oi ai senate-succinate buffer, moieover, the effects of some, 
but not all, mhibitois aie diffeient in the two types of buffer However, 
it may be concluded that caffeine, theophylline, and theobronune are 
potent inhibitors of the phosphorjdases active at neutial and alkaline pH 
Adenine, guanine, and benzimidazole aie also stiong inhibitors The 
natural pyiimidines aie not inhibitois, but some derivatives of uracil are 
The 5-amino and the 4,5-dianuno deiivatives aie inhibitors, 5-bromouracil 
and the 2,4,5-trianuno-6-hydio\yp3uimidine, which aie similar m struc- 
ture, are much less inhibitory 

The degree of inlubition of the phosphoiolytic reaction by a particular 
substance is considerably diffei ent at diffei ent pH values In this particu- 
lar extract there is a deciease in the peicentage inhibition caused by the 
methyl purmes at acid pH, which confirms some of our previous data (1) 
In general the phosphorolytic reaction appears to be more sensitive at 
alkahne pH 

Stoichiometry of Transribo&idase — ^The identification of the transribosi- 
dase was based on the stimulation of the pi eduction of hypoxanthme from 
inosine by the addition of several acceptor bases m a buffer w^hich contamed 
neither phosphate nor arsenate If the effect is due to a transribosidase 
type of enzyme, it should be possible to demonstrate stoichiometric produc- 
tion of the nucleoside of the acceptor base Upon consideration of the 
chromatographic properties of the components of various reaction mixtures, 
the followmg system uas selected 

HX -f GR HXR ■+ G 

In the Na 2 HP 04 + i-amyl alcohol solvent system, these various com- 
ponents have the following Rf values G 0 45, HX 0 57, GE, 0 67, and 
HXR 0 74 Thus, vuth careful techmque, one can separate all four com- 
ponents completely When it is necessary to measure the amount of one 
component m the presence of a large amount of a neighbormg component, 
the optical extmction is measured at two wave lengths, one, the wave 
length of the maximum, and the other the wave length (280 m^i) of the 
“maximal difference in extmction coefldcients of hypoxanthme and guamne 

compounds 

The extent of reaction proceedmg in both directions is shown in Table IV 
Equihbrium is not established m either of these experiments, presumably 
because of inactivation of the enzymes For each reaction, control ex- 
penments were run in which no acceptor was present, in order to test for 
hydrolase activity No G was produced from GR, mdicatmg that the 
ydrolase present does not attack this nucleoside HXR is slowly attacked 
at this pH, and the correction for hydrolase action amounts to 0 06 nmole 
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at the end of the 3id hour Thus, it may be concluded that this actmtj 
involves the stoichiometric mtei change of heterocychc bases in A’^-nbosidic 
linkage, as would be expected for a tiansribosidase 
S'plitimg of HXDR and GDR — ^The results of this study are presented 
in Table V The optimal pH foi the splitting of adenosme deoxynboside 
by extiacts of E coh was previously repoited to be m the region of 4 too 
(1) This was found to be the optimal pH, also, for the sphttmg of HXDR 
and GDR by the enzyme extract used here The obseivation of Kaldar 

Table IV 

Stoichiometry of Purine-Punne Transnbosidase 


(HX + GR -> HXR + G)* 


Hrs 

I HXR, /xmole ; 

G, firaoh 

0 

0 03 

0 08 

1 

0 23 

0 25 

2 

0 39 

0 39 

3 

0 52 

0 43 


(HXR + G HX + GR)t 


Hrs 

HX, pmole 

GR, pmole 

0 

0 11 


1 

0 23 

0 24 

2 

0 26 

0 20 

3 

0 25 

0 21 


* This system contained 50 /imoles of succinate buffer, pH 5 0, 0 025 ml of enzymt 
2 12 /imoles of GR, and 2 5 /imoles of HX, total volume, 0 6 ml 

t The system was the same, except that the nucleoside component was 1 S! 
/imoles of HXR and the acceptor was 2 0 /imoles of G 

(10) that sphttmg of the deoxyiibose compounds, at an unspecified pH, t 
slower than the sphttmg of the iibose compounds can be explained if d >= 
assumed that his extiact was studied at a moie alkahne pH Actua%» 
at pH 5 it can be seen that the rate of sphttmg of HXDR is 5 times greater 
than the sphttmg of HXR, since 2 5 times as much enzyme was used a 
the assay of the latter compound 

In followmg the effect of inhibitors on phosphorolysis, additional entena 
wmre used After lemoval of the ultraviolet-absorbing spot correspon mE 
to the free base, the chromatograms were sprayed vuth the Discbe^reage^ 

(11) , which IS specific for deoxyribose-contaimng compounds With 
test one is able to detect qualitatively the effect of substances, 
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giation in this solvent sj’-steni inteifeies with the determination of leac- 
tion pioduct By compaiing the coloi yields at the Rp of the substrate 
(0 75 foi HXDR and 0 66 foi GDR) and of the fiee deoxyiibose {Rp = 
0 90) in the tivo leaction systems, the degree of inhibition may be esti- 
mated 

In the case of GDR, yet anothei ciiteiion was applicable Guanine is 
very insoluble and ciystallization occuis in the non-inhibited controls after 
several houis If the reaction is inhibited, no ciystals appear because 
GDR IS consideiably moie soluble than guanine This cntenon of reac- 
tion IS not satisfactoiy in certain cases because it was noted that in the 
piesence of substances containing amino groups, which are not inhibitors 
of the reaction, no guanine crystals are formed In the piesence of these 
substances, 4,5,6-tiiaminopyiiimdme, 5-aminouracil, diazouracil, and 
2,4,5-triamino-6-h3'^dro\ypyiinndme, supersaturated solutions of guanme 
failed to cr 3 ''stalhze, presumably because of complex formation 
In the case of adenine, hj^Doxanthme, and guamne compounds, trans- 
deoxyribosidase activity was detected by the disappearance of substrate 
and the appeal ance of a new Dische-positive spot at the appropriate Rp 
Since no spot which corresponded to free deoxyribose was found, one can 
conclude that these substances inhibit the phosphorylase but are acceptors 
for the tiansglycosidase Xanthine, however, does not appear to inhibit 
or to be an acceptor for the transglycosidase 
Neither HXDR nor GDR is split m the absence of added arsenate 
Splitting of GR — ^The results of these experiments are summarized m 
Table V The enzymes catalyzing this reaction appear to be as active as 
those for HXR but less active than those for GDR and HXDR, they are 
somewhat more sensitive to the various inhibitors 
Electrophoresis of Enzyme Extract — ^The results of these experiments are 
shown m Figs 1 and 2 We have corrected in all cases for the effect of 
hydrolase production of HX on the values for HX produced by the other 
activities The correction was simple to make m the second run, since 
the hydrolase activity ivas completely separated from the other enzymatic 
components, in the assays for the othei components, this activity appeared 
as a region of HX production well removed from the bulk of the activity 
There was one exception to be noted In the measurement of the deoxy- 
riboside phosphorylase, no HX was formed m the region of the hydrolase, 
and it may therefore be concluded that the hydrolase is specific for ribosides 
Several conclusions may be drawm from the results presented None of 
the enzymes other than the phosphorylase requires phosphate or arsenate 
for activity, since first it may be assumed that electrophoiesis removes all 
traces of phosphate, and, second, m the absence of arsenate or an acceptor 
base, no HX is produced m regions not contaimng the hy’’diolase The 
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Table V 


Effect of Various Substances on Arsenolysis 
of HXDR, GDR, and GR, at pH 5 


Control* 

1 

Bpt 

HXDR, I 19 
liinoles per 
hr 

Substrate 

GDR, 0 855 
± 0 055, 
pmoles 
per hr 

GR 

/imoic! 

hr 

Addition 

j Per cent inhibitiont 

Caffeine 

0 

1 

70 j 

67 

75 

69 

Theobromine 

0 

66 

(+)§ 

27 

69 

Theoph}4Iine 

' 0 

56 

(+++§) 

75 

56 

Carboxamide 

0 

58 ; 

(0) 

-18 

21 

4,5, 6-Triaminopynmidine 

0 

20, ii 0 4711 

6 

(0) 


6-Mercaptopurine 

0 

3911 i 

55 

(+++§) 



0 

45 j 





0 

71 




Tetramethyluric acid 

0 

72 

10 

-5 


Benzimidazole 



11 

(0) 

S3 

8-Azaguanine ^ 

0 

4711 

(0) 

(0) 


2,6-Diaminopurine 

0 

2311 

64 

68 

53 

Adenine 

0 

42 

(+++) 

(+++) 


Guanine 

0 

47 

(+++) 



Xanthine 

0 

53 

CO) 

(+) 


Hj'-poxan thine 

0 

58 


(+++) 


Uracil 1 

0 

72 

6 

13 

0 

Thj mine 

0 

71 

-15 i 

9 

12 

Cytosine 

0 

71 

-1 

-12 

i -4 

5-Methylcytosine 

0 

71 

5 

32 

6 

5-Aminouracjl 

0 

2011 

-9 

(0) 

j 


0 

3911 




i 

0 

701111 




4,5-DiaminouraciI 



18 

(0) 

9 

5-BromouraciI | 

0 

5911 

‘ (0) 

' -3 


0 

68 

i 



Thiouracil 

0 

69 

-11 

-3 

15 

Diazouracil 

0 

69 

-4 

-10 

'4 

4-(6)-Aminouracil 

0 

60 

(0) 

-20 

6 

2, 4, 5-Tnamino-6-hydroxy- 



1 

27 


pyrimidine 

0 

201111 

! 



0 

61 

I 




0 

75 
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Table Y~-Cot\cluded 

* Control rates are e\])rcsscd in micromoles of free base produced per hour at 37° 
in the standard assay The standard deviations of the controls are given 
t in aqueous 5 pei cent NaoHPO« overlaid with isoamjd alcohol 
j Percentage inhibition = [1 — (rate with inhibitor)/ (control rate)] 100 
§ In these cases, production of purine could not be measured spectrophotometri- 
cally because of interference from the inhibitoi Therefore, the degree of inhibition 
IS inferred from the Disclie reaction of the paper chromatograms and in the case of 
guanine from the production of precipitate Three plus signs indicate apparent 
complete inhibition 

II Indicates fluorescence of the compound 

If Major component, ? e , it contains more than 00 per cent of the ^seo-adsorbing 
material In the case of 6-mercaptopurine, the lesser component represented 20 
per cent of the total ifseo 

data indicate that at least two types of tiansiibosidase activities are pres- 
ent, as suggested by the results of the inhibition studies above 

DISCUSSION 

The existence of several new enzymes is proved by these results First, 
hydrolases which spht the purine ribose bond are known to occur in other 
organisms (12) but had been thought not to occur in E coh (10) Al- 
though previously we had lepoited the hydiolysis of HXR in the absence 
of phosphate or ai senate at pH 5, but not at higher pH, we had not con- 
clusively demonstrated the existence of a hydrolase This extiact has its 
greatest activity at pH 7 5 and, for the reasons mentioned above, appeals 
to be positively identified as hydiolytic in character The activity was 
probably much dimimshed in amount in the extracts pieviously studied 
It has also been thought that transribosidases do not occur in E coh (10), 
hut the data of Ott and Werkman (13) are suggestive of their existence, 
and the results presented heie conclusively demonstrate transribosidase 
activity As noted above, the specificity of the transribosidase is ap- 
parently less than that reported for the transdeoxyribosidase of E coh (9), 
which IS able only to transfer the sugar from one purine to another In 
this respect it resembles the transdeoxyribosidase of the other bacteria that 
have been studied (14) The presence of the new enzymes m the extiact 
offers increased possibilities for the locus of action of the methylxanthines 
m causmg mutations The hydrolase, which is inhibited only by theo- 
bromine at alkahne pH and not by the other mutagens, is clearly not in- 
volved, but the transribosidases are inhibited by caffeme and consequently 
must be considered as a possible locus of action 
One purpose of the present experiments was to find out whether similar 
patterns of inhibition would be found with the hypoxanthine gtycosides 
and vith the guamne glycosides The tracer data (15—17)^ show’^ that in 

Also unpublished experiments of the author 
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the metabolism of this orgamsm the pathway of biosynthesis of nucleic 
acid purine bifurcates into an ademne pool and a guanine pool and that 
these then bifurcate again to lead into the two types of nucleic acid? 
Theiefore, it is conceivable either that the inhibition produced by the 
mutagen blocks the production of both purine derivatives or that one 
purme pool is preferentially blocked If the latter were true, then the 
mutational event could be pictured as the leplacement of adenine b) 
guamne oi vice versa From considerations of the Watson-Cnck model 
and the possibihties of tautomerization of the purine ring, this would be 3 
more piobable process than the temporary replacement of the punnebrs 
pynmidme moiety However, the experimental data offer httle to support 
this suggestion Both substrates are inhibited to approximately the same 
extent 

In addition to studying this possibihty, we were interested m trjnng to 
obtain explanations for some of the observations presented by Nowck and 
Szilaid (18) They reported that benzimidazole and tetramethylunc acid 
are mutagens, but differ from the methylxanthines m that their mutagenic 
effect IS only partially reversed by the addition of purine riboside It 
might therefore be expected that these agents would mhibit a reaction in 
the synthesis of deoxyribonucleic acid at some stage beyond that of the 
purine iiboside What the stage may be is at present unknown, but it 
appears not to be one catalyzed by the purme deoxyriboside phosphorylase, 
since this enzyme is not mhibited by these two mutagens 

Recently, two groups of workers (19, 20) have noted that groumg cul 
tures of E coh incorporate various pynmidme analogues, mcluding 5 bro- 
mouracil, into the nucleic acids It is therefore of interest to find that the 
transribosidase will utdize 5-bromouracil as an acceptor 

Among the various substances tested, several are of pharmacological 
mterest The effects of natural methylxanthme on the brain, heart, and 
kidney are well known in man and experimental ammals 6-Mercapto- 
purine is being used as a drug in the treatment of cancer (21), and is ap 
parently very toxic, which fact may be explained by its effect upon punne 
deoxyriboside phosphorylase Diazouracil causes cultures of E coh to 
form chams, i e , the cells continue to grow but cell division is inhibitca 
(22) This substance does not appear to be a strong inhibitor of any 0 
the reactions tested here, and this also seems to be the case for S-azaguaninC) 
which has carcinostatic properties and also prevents the growth of T ca 1 

SUMMABY 

A smgle enzyme extract of Eschenchia coh was tested for nucleoa^ 
sphtting enzy^mes Ribosides and deoxyiibosides wnre used as substra c») 
and the leaction was measured in various types of buffer with and m ® 
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aisenate, at vanout) pH values, and in the piesence of Uvent 3 ’--si\ purine 
and pjninndine compounds Fiom tins bodj’’ of data, the existence of two 
new enzymes vas infeiied fust, a hydiolase winch acted on inosine and, 
second, a tiansiibosidase which exchanged the hypoxanthme of inosine 
with adenine, guanine, xanthine, ihyimnc, 4,5-diannnouiacil, 5-biomo- 
uracil, and 4,6-annnouiacil The existence of these enzymes as distinct 
from the nucleoside phosphoiylascs was fuithei established by starch block 
electioplioiesis The inhibition of these vaiious leactions by the purines 
and pyiinudiiies tested is discussed w'lthm the fiamewmrk of the hypothesis 
that the mutagenesis pioduced bj’' the iiiethyLxanthines is the consequence 
of the inhibition of cei tain enzymes of nucleoside metabolism 

I am indebted to Di Fiitz Schlenk foi invaluable advice and judgment 
duiing the couise of this investigation and the pieparation of the manu- 
script 
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THE MECHANISM OF THE REVERSIBLE CARBOXYLATION 
OF PIIOSPHOENOLPYRUVATE* 
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AND U F UTTER AND R J PENNINGTONt 
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(Received for publication, May 7, 1956) 

There are two different enzyme leactions winch involve a synthesis of 
OAA^ from PEP and CO 2 The reaction catalyzed by the OAA carboxyl- 
ase of bird hvers (1-3) as shown in equation (1) is reversible and requires 
as a phosphate acceptor either GDP 01 IDP (4) (Since there is a need 

PEP + CO, + IDP OAA 4- ITP (1) 

for a simple terminology to distinguish the various types of OAA carboxyl- 
ases now knowm, the enzyme catalyzing leaction (1) waU here be teimed 
phosphoenolpyruvate caiboxylase kinase or more briefly pepcarboxy- 
kinase) The reaction catalyzed by phosphoenolpyruvate carboxylase 
(pepcarboxylase) of spinach (5-7) and wheat germ (7) yields inoigamc 
phosphate, as showm in equation (2), and is irreversible 

* Supported in part by a grant from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council, b}’’ re- 
search grant No G-3222 from the National Institutes of Health, United States Pub- 
lic Health Service, bj the Dr Wallace C and Clara A Abbott Memorial Fund of the 
University of Chicago, by contract No AT(30-1)-1050 with the Atomic Energy Com- 
mission, and by the Elisabeth Severance Prentiss Foundation Part of the material 
in this paper is taken from a thesis submitted bj"^ J ohn L Graves in partial fulfilment 
of the requirements for the degree of Doctor of Philosophj^ under the Committee on 
Biophysics, Umversitj of Chicago 

The D 1 O was obtained on allocation from the Atomic Energy Commission 
t Predoctoral Fellow' of the United States Public Health Service, 1951-54 
f Fellow of the Kellogg Foundation Present address, the Rowett Institute, 
Aberdeen, Scotland 

’The abbreviations used are oxalacetate, OAA, phosphoenolpj ruvate, PEP, in- 
organic phosphate, P,, inosine diphosphate, IDP, guanosine diphosphate, GDP, 
mosine triphosphate, ITP, oxidized and reduced diphosphopj ridine nucleotide, 
bBN+ and DPNH, respectively, diphosphopyridine nucleotide reduced enzjmati- 
cally by l,l'-dideuteroethanol, a-DPND The sj mbol DPND is used to designate 
reduced diphosphopyridine nucleotide containing D in the reduced or para position 
of the nicotinamide ring The prefix a indicates that the D is introduced on the side 
of the nicotinamide ring used by yeast alcohol dehydrogenase The prefix P wull be 
used for the DPND containing the D on the other side of the nicotinamide ring 
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PEP + CO2 + OH- -> OAA + P, 

Previous experiments (8, 9) ivith deuterium as a tracer have shovn that 
it IS keto-OAA, and not an enol, winch is foimed in leaction (2), cataljzed 
by pepcarboxylase The present paper describes a similai set o! expen 
ments peifoimed with pepcaiboxykmase of chicken hver The resells 
obtained demonstiate that, in the case of reaction (1) also, the enohc 
phosphopyiuvate is caiboxylated to give the keto and not an enol form 
of OAA 

These experiments involved the use of malic dehydiogenase fiom pi? 
heait and showed that the H tiansfer caused by this enzyme is similar b 
that catalyzed by the mahc dehydrogenase of wheat geim winch has bet^ 
studied pieviously (10) 

Matenals and Methods 

The PEP and IDP used in some of the experiments were both prepared 
as desciibed previously (3) In othei expenments use xvas made of un 
chromatographed PEP piepaied from the Ag-Ba salt synthesized by the 
method of Olilmeyer (1 1) Use xvas also made of a sample of IDP prepared 
fiom Pabst adenosme diphosphate by treatment xvith nitrous acid accord 
mg to Lolimann (12) and Klemzellei (13) For this sample, identification 
and quantitative estimation of IDP were based on the method of Kalckar 
(14) 

Boxnne plasma albumin xvas purchased from Armour and Company 
DPNH xvas prepaied from DPN+ by reduction xxith ethanol and alcohol 
dehydiogenase a-DPND xvas piepared from DPN+ by reduction luth 
1 ,l'-dideuteioethanol nr the piesence of yeast alcohol dehydiogenase (lo) 
and contained 1 atom of D pei molecule 

OAA carboxylase (pepcaiboxykmase) xvas puiified from chicken hver fis 
described previously (1) until stage F xvas leached This fiaction vas 
tieated txxnce at pH 5 6 xvith a xx’^eight of Ca3(P04)2 gel equal to the protein 
content of the fraction, and the gel and adsorbed material xx'ere discarded 
each time The lemaimng supernatant fluid was lyophihzed after the 
addition of glutathione and phosphate buffer to raise the pH to 7 0 The 
specific activity of pepcaiboxykmase xx'^as essentially unchanged by thege 

treatments, but the activity of the funiarase relative to caiboxykinaseacfn 

ity xvas reduced to about one-txx'^entieth of that of the staiting mateiWi 
an important consideration in the present expenments 1 mg of poc 
contaimng about 100 7 of protein is sufficient to exchange 7 X 10”' 
of C^'’02 per minute xxnth OAA m the exchange assay (1), if ITP is 
instead of adenosine triphosphate, 01 to synthesize 1 2 X 10 ' ® ® 

OAA per imnute from PEP and CO2, as measured by coupling xvith aw 
dehydrogenase (3) The comparable fumarase activity is 29 X 
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^mole pel minute measuied accoiding to Rackei (16) Malic dehydiogen- 
ase was piepaied fiom pig lieait accoiding to Stiaub (17) and had a specific 
a^vity of about 20 units pei mg of pioteni, when a unit lepiesents the 
nuuomoles of DPNH oxidwed pei minute with OAA as the substiate 
The expel imeiite all involved a final isolation of malate as the diphenacyl 
derivative and its analj^sis foi D The vaiious leaction mixtuies are de- 
sciibed in a latei section In each expeimient the enzyme reaction was 
stopped by the addition of H2SO4, the piotein was piecipitated by tung- 
state, the malic acid was ex ti acted ivith ethei, and, m the case of the ex- 
peiiments earned out m D2O, the exchangeable D was washed out vuth 
H2O The amount of malate v as deteimmed quantitatively by chemical 
analysis, and an aliquot vas diluted with a suitable amount of diluent 
L-malate Tins mateiial w as conveited to the diphenacyl deiivative which 
was analyzed foi D All these pioceduies were carried out as described 
previously (10) 


Pi ocedure and Results 

The problem undei investigation may be visuahzed by examination of 
the formulas of equation (3) The question is ivhether the keto or an enol 

H 

O2C— C— C— CO2- 

H II 

+ ITP 

OjC— C=C— CO2- 
H O 
H 

form of OAA is involved in this reaction This question was answered 
by carrying out the leaction m D2O in the presence of an excess of mahc 
dehydrogenase and DPNH Under these cireumstances, the OAA formed 
by carboxylation is almost immediately reduced to malate by the reaction 
shoi\Ti in equation (4) (3) If an enol of OAA is a necessary intermediate 
in the reaction sequence (z e equations (3) fi- (4)), then the malate must 

H H H 

■■O2C — C — C — COj- -t- DPNH 4- H+ — > “O2C — C — C — C02“+DPN+ (4) 
H II H OH 

0 

contain at least 1 atom of non-exchangeable D per molecule If the malate 
formed by the reaction sequence contains less than 1 atom of non-exchange- 
able D per molecule, then an enol cannot be a necessary intermediate either 
of the carboxylation or of the dehydrogenase reaction Some D incorpo- 
ration into malate is expected by way of the non-enzymatic keto-enol 


H 

CO2 -f C=C— CO2- -f- IDP 

H I 

OPO3- 
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tautomenzation of OAA The amount of non-exchangeable D thus m 
corporated will depend on the relative rates of the keto-enol tautomensa 
tion and of the reduction of OAA It is important, therefoie, that ihc 
rate of reduction of OAA be high 

Since the pepcaiboxykinase used in these expeiiments was contaminated 
vith a small amount of fumarase, the possibility had to be considered that 
non-exchangeable D imght be introduced into malate by vay of thereac 
tion catalyzed by fumarase To immmize the magmtude of such a ade 


Table I 

Incorporahon of D into Malate 


Experi- 
ment No 

i 

Reductant 

i 

i 

Oxidant 

Medium 

Malic acid 

Atom per 
cent excess 
D in 

diphenacil 

malate 

AlomD 

incorpo- 

rstrf 

pcrmolta.’' 

malitet 

Formed* 

Added 

1 





ms 




I 

DPNH 

PEP -b CO 2 

97% D 2 O 

1 89 

39 5 

0 0135 

0(W 

2 

<C 


98% “ 

t 1 01 

24 6 

! 0 022 

0101 

3 



98% “ 

1 42t 

30 8 

' 0 0035 

' OOH 

^ 1 

ar-DPND ; 

PEP + CO 2 

H 2 O 

0 59 

ml 

0 112 

112 

5 


OAA 

tt 

3 52 


! 0 155 

! 0 9o 

6 


(( 

tf 

3 96 

114 6 

0 154 

' 0 92 


* Tins is the amount diluted for preparation of diphenacyl derivative, it is some 
what less than the amount formed 

1 1 atom of D per molecule of diphenacyl malate corresponds to 5 55 atom per ceat 
excess D Sample calculation for Experiment 1 as follows 0 0135/5 55 X (395 + 
1 89)/l 89 = 0 054 

t Amount of added malate recovered and diluted for preparation of diphenacd 
derivative 

reaction, the enzyme preparation used in these experiments was selecled 
partly on the basis of its low fumarase content 

The results of the expeiiments are given in Table I Experimenis 1 
and 2 show that only 0 05 and 0 10 atoms of non-exchangeable D appea^d 
m malate when leactions (3) and (4) -were conducted in sequence m a 
medium of D 2 O These are the key experiments which support the con 
elusion that only ketooxalacetate is involved in the reaction sequeace 
Experiment 3 was performed as a control to determine the amount of 
which could be intioduced into malate by fumarase action The conditioas 
of this expenment weie identical with those of Experiment 2, except 
PEP and DPNH were omitted and malate was added at the begmiuno ® 
the incubation period Since the malate isolated from f 

tamed considerably less non-exchangeable D than the malate isolatea ro 
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Evpeumente 1 and 2, the mam louie of mtiocluction of non-e\changeable 
D into inalate must be by vay of the tautomouzation of oxalacetate 

Expeiunent 4 nas anothei contiol cxpeiiment m which the reaction was 
perfoinied m HjO, vith a-DPND instead of DPNH as a leductant The 
a-DPND contains D m the a-paia position of the mcotinamide iing of 
DPN If the malic dchydiogcnase used m these expeiiments has the same 

c a) steiic specificity foi DPN as yeast alcohol dehydrogenase, then 1 
atom of non-exchangeable D pei molecule should appear in malate The 
value of 1 12 atoms of D pei molecule found shows that this is the case 
Experiments 5 and G aie also contiol expeiiments m which OAA was re- 
duced by a-DPND m the piesence of mahc dehydrogenase alone These 
experiments confiim the conclusion that the reaction catalyzed by muscle 
mahc dehydrogenase involves a diiect transfer of hydrogen from the a-para 
position of the reduced nicotinamide iing of DPN to oxalacetate to give 
malate In tins lespect, the mahc dehydiogenase of heart muscle is iden- 
tical mth the mahc dehydiogenase of wheat germ previously investigated 
(10) 

The largest source of eiror in the experiments here described is the quan- 
titative deternnnation of mahc acid in the sample used for isolation of 
diphenacyl malate This souice of error piobably accounts for the majoi 
part of the deviation fiom umty of the results of Experiments 4, 5, and 6 
It IS apparent, however, that a 10 or 20 per cent error in the final results 
can have no effect whatever on the conclusions drawn 

Studies of the mechamsm of the non-enzymatic decarboxylation of 
^-keto acids have shown that the keto form of the ;8-keto acid is decarbox- 
ylated to give the enol of the product (18-20) Steinberger and West- 
henner (20) have shovm that the catalysis of the decarboxylation of 
dunethyloxalacetate by metal ions is associated vath formation of a metal 
ion complex in which the carboxyl group a to the carbonyl group is in- 
volved, and they have suggested that the metal lon-catalyzed reaction be 
taken as a model for the enzymatic decarboxylation of oxalacetic acid 
The general requirement of oxalacetic decarboxylases for metal ions is in 
hne with this suggestion 

The model of Steinberger and Westheimer also requires OAA to react m 
the keto form and pyruvate to react as the enol The carboxylation leac- 
tionsm which PEP is carboxylated to OAA have provided systems particu- 
larly smtable for testing this prediction In these systems the enol form 
of pyruvate is stabihzed as the phosphate The experimental problem, 
theiefoie, is only that of distmgmshing between the keto and enol form of 
OAA Since the mechamsm of the forward reaction is regarded as a simple 
reversal of the mechamsm of the back-reaction, the argument is not affected 
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b 3 ' the fact that the test system employed involves caiboxylatioii of PEP 
to OAA rather than decarboxjdation of OAA 

The results obtained inth the aid of D show uneqmvocalty that OU 
appears in the keto foim, thus confiinung the piediction made fioni tfe 
model This applies both to the phosphoenolpyiuvate carboxylase reac 
tion studied previously (9) and to the pepcaiboxykinase reaction studied m 
the present inx'^estigation The fact that these reactions are quite different 
m some respects and are catalyzed by two distinctly diffeient e^2wn^ 
lends stiong suppoit for the xmhdity of the basic reaction mechanism prc 
dieted by the model experiments There aie, of course, other aspects ei 
the reaction mechamsm of these enzymes which still lequiie clanficatim 

EXPERIMENTAL 

In Experiment 1, the reaction mixture contained 600 jumoles of phos 
phate buffer, pH 7 1, 16 /imoles of MnCU, 400 jumoles of NaHCOa, 32 /rnioles 
of PEP, 32 fxmoles of IDP, 50 fimoles of DPNH, 16 mg of bonne plasma 
albumin, 20 umts of make dehydrogenase, and 25 mg of lyophilized car 
boxykinase powdei m a total volume of 24 ml of 97 per cent DsO This 
mixture was incubated at loom tempeiature for 130 minutes Several 
additions of extia NaHCOj were made during the course of the mcubafioa 
in order to maintain the pH and the reaction rate Experiment 2 was 
identical to Experiment 1, except that 16 mg of carboxykinase powder 
were used, the incubation time was 45 minutes, and the solution contamed 
98 per cent D 2 O Experiment 3 was performed simultaneously with Ex 
periment 2 as a contiol deteinunation of D incoiporation into malatedue 
to fumarase activity The rmxtuie contamed 300 ixmohs of phosphatf 
buffer, pH 7 1, 8 pmoles of MnCb, 200 ;umoles of NaHCOa, 16 /imolesd 
malic acid, 10 umts of mahe dehydrogenase, 8 mg of bovine plasma al 
bumin, and 8 mg of carboxykinase in a total volume of 12 ml of 98 per 
cent D 2 O The incubation time was 45 minutes Expeiiment 4 was 
identical to Experiment 2, except that 50 /xmoles of a-DPND were used 
instead of DPNH, and the leaction was earned out m H 2 O for 120ininufe 

In these various experiments the course of the reaction wms follow edb\ 
making appropriate dilutions of small aliquots of the leaction mixture aa 
determimng the optical density at 340 mii From these measurenieni', 
calculations were made of the amount of DPNH winch had been oxidized 
The amount of malate recovered in Experiments 1, 2, and 4 wms approxi 
mately eqmvalent to 0 7 of the amount of DPNH oxidized The 
oxidation of DPNH is assumed to be due largely to the pyruvate an 
the lactic dehydrogenase which contarmnated the preparations (I) 

The reaction mixture of Experiment 5 contained 500 /imoles of P * 
phate buffer, pH 7 4, 40 MUioles of OAA, 80 itmoles of KOH, and 40 pmo^- 
of a-DPND The mixture was incubated at room temperature or 
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minutes Expel imeiit 6 was identical to Expeiiment 5 , except that a 
different sample of a-DPND was used 
To prepare solutions of PEP and IDP, the salts of these compounds were 
suspended in a small I'-olume of D «0 and dissolved by the addition of a 
veiy small amount of conccntiated nitiic acid The Ag and Ba were re- 
moved by the addition of a slight excess of NaCl and NazSO^, lespectively 
These salts veie added as solutions in D2O The PEP and IDP solutions 
nere neiiti aimed with solid NaoCOa Malic dehydrogenase was added in 
an H2O solution of 120 units pei ml The othei constituents were added 
as solids 


SOTIMARV 

Deuterium has been used as a tiacer to show that the enzjonatic addition 
of C 0 « to pliosphoeno]p3’'iuimte in the piesence of inosine diphosphate, as 
catah'zed by the oxalacetate (OAA) carboxylase (01 pepcarboxykinase) of 
bird liver, gives the keto, and not an enol, foim of OAA These expeii- 
ments also shov that malic dehj’’diogenase of heart muscle is identical with 
malic dehydrogenase of wheat geim, piexaousl}'- studied, m the sense that 
both enzjmies cause a direct transfei of h3’’drogen fi om reduced diphospho- 
P3"ndine nucleotide (DPN) to the keto form of OAA, and the steric speci- 
ficity of tlus transfei foi DPN is identical with that shovm by 3'-east alcohol 
dehydrogenase 
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A SPECIFIC SPECTROPHOTOMETRIC ASSAY FOR FLAVIN 
ADENINE DINUCLEOTIDE=»- 


Br CHESTER DeLUCA,! MORTON M WEBER.J and NATHAN 0 KAPLAN 

{From the McCollum-Prait Institute, The Johns Hopkins University, 
Baltimore, Maryland) 

(Received for publication, April 16, 1956) 

During the course of the development of a method foi the chemical 
s 3 ’-nthesis and large scale piepaiation of flavin adenine dinucleotide (FAD), 
it was desirable to have a rapid, 3 '’et specific, assay for the dinucleotide A 
spectrophotometric method was sought, as the manometiic techmque of 
Warburg and Christian (1) with use of the n-anuno acid oxidase was too 
cumbersome foi a large numbei of routine assays It v as found that FAD 
could be determined from the rate of formation of the leuco-2,3',6-tri- 
chlorophenol-indophenol d 3 '’e with the n-amino acid oxidase system Al- 
though the rate of reduction of the dye was pioportional to the concentra- 
tion of FAD, the reaction proceeded too slowly for use as a quantitative 
assay 

In the identification of FAD as the prosthetic group of the reduced 
triphosphop 3 ''ndine nucleotide (TPNH)-C 3 d;ochrome c reductase of pig 
hver, Horecker (2) employed a spectiophotometric method by using 
D-amino acid oxidase coupled to the lactic dehydrogenase (LDH) system 
His report, hov ever, did not include any data on the quantitative measure- 
ment of the dinucleotide or the details of the techmque It wall be shown 
that the method proved to be extremely efficacious in the rapid, quantita- 
tive determination of FAD This paper is concerned vuth the presenta- 
tion of the details of the method and its applicability m the determination 
of FAD in tissue extracts as well as in the detection of n-anuno acid oxidase 
activity itself 


Materials and Methods 

Coenzymes and Other Materials — Diphosphopyiidine nucleotide (DPN) 
of 90 per cent purity was obtained from the Pabst Laboratories Reduced 
DPN (DPNH) was prepared enzymatically by the method of Pullman, 

* Contribution No 154 of the McCollura-Pratt Institute This work vas aided 
by grants from the American Cancer Society, as recommended by the Committee on 
Growth of the National Research Council, and the National Cancer Institute, Na- 
tional Institutes of Health (grant No C-2374(C)) 

t Predoctoral Fellow of the National Cancer Institute, National Institutes of 
Health Present address. Rockefeller Institute for Medical Research, Nen York 
t Postdoctoral Fellow in Cancer Research of the American Cancer Society 
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Colovick, and Kaplan (3) FAD of 84 per cent purity and synthetic 
fia^nn mononucleotide (FMN) were generously supplied by the Pab^t 
Laboratones and the Sigma Chemical Company, lespectively The con 
centrations of FAD and FMN were determined fiom their extinction co- 
eflScients at 450 mu (1 13 X lO’^ and 1 22 X 10’’ sq cm per mole, respec 
tivel}'' (4)) DL-Alamne was obtained from the Distillation Products 
Industries, a division of Eastman Kodak Company, Rochester 

Enzymes — D-Ammo acid oxidase, crystalhne catalase, and crystallized 
skeletal muscle LDH were obtained from the Worthington Biochenucal 
Corporation, the D-amino acid oxidase was supplied as an acetone pond, 
of pig kidney cortex, the enzyme was partially purified and the apooxuL; 
prepaied as described m the section on “Results” by a modification of tb 
procedure of Straub (5) 

Piepatahon of Tissue Extracts — Visceral organs from noimal ratsnere 
rmneed and homogemzed in water (16 ml per gm of fresh tissue) in ice 
cold Ten Broeck homogemzers The homogenate was diluted mth an 
equal volume of 0 01 M phosphate buffer, pH 7 5, placed in a boiling uater 
bath for 5 minutes, cooled rapidly, and centrifuged A suitable aliquot 
of the clear supernatant fluid was assayed directly accordmg to the method 
described below 

Subcellular fractions were prepared from rat hver, perfused tn silu and 
homogemzed noth 10 ml of 0 25 m sucrose solution per gm of fresh tissue, 
by differential centrifugation accordmg to a modification’ of the method 
of Schneidei and Hogeboom (6) Each fi action was suspended in 02oii 
sucrose, diluted with 0 01 m phosphate buffei, pH 7 5, and extiactedins 
boiling water bath as before, the clear supernatant fluid obtained by centnf 
ugation was assayed as described below 

Except when indicated othermse, microoigamsms were extracted b 
being boiled with 20 to 30 volumes of 0 01 M phosphate buffer, pH 7 5 

Measwements — ^AU spectrophotometiic measurements were performed 
with a Beckman model DU spectiophotometei noth 3 0 ml cuvettes witl> 
a hght path of 1 0 cm All the reactions were run at room temperature, 
and DPNH oxidation was determined by the decrease in optical den'^dv 
at 340 mil Fluorometiic deterimnations were made according to tie 
method of Bessey, Lowry, and Love (7), adapted to the Coleman electronic 
photofluorometer, model No 12B, with filters B-2 and PC-3 FAD 
determined fiom the increase m fluorescence after hydrolysis in 10 perc® 
trichloroacetic acid at 100° for 30 minutes 

Results 

Preparation of D-Amino Acid Apooxidase — A. number of methods ha'J 
been reported for the preparation of the D-ammo acid apooxidase, mo 

* Jacobson, K B , personal communication 
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which aie essentially modifications of the acid-ammomum sulfate precipi- 
tation of Waibuig and Clinstian (1) Although tins method results in 
piepaiations quite fiee of FAD, the apooxidase loses activity lapidly even 
on storage at —20° It was desuable, therefoie, to use the milder proce- 
dure of Straub (5) in an effoit to pieseive the activity of the apoenzyme 
The folloMung is a modification of Stiaub’s piocedure which was adopted 
for use m all expeiinieiits cited 

The acetone powdei of ladney coitex was exti acted with 20 volumes of 
water with stniing at 0° foi 10 minutes 10 mg (diy weight) of tricalcium 
phosphate gel weie added to each ml of the above extract to adsorb con- 
taminating proteins, the nnxtuie ivas again stirred as before and centn- 
fuged The piecipitate was discarded, and the supernatant fluid contam- 
mg the D-annno acid oxidase was piecipitated by the addition of sohd 
ammomum sulfate (22 gm per 100 ml of cleai supernatant fluid) The 
suspension obtamed wms stiired at room temperature for several hours and 
then centrifuged The supernatant fluid wms discarded, and the precipitate 
was dissolved in distilled ivater and leprecipitated by dialysis at room 
temperature^ against an ammomum sulfate solution (25 gm per 100 ml of 
water) adjusted to pH 6 to 7 Dialysis was contmued with constant Stir- 
ling of the precipitate withm the bag Precipitation and extended dialysis 
were repeated at intervals over a peiiod of about 48 hours until an ahquot 
showed low activity when tested in the assay system with no FAD added 
Fmally the enzyme suspension wms centrifuged, and the precipitate was 
dissolved m 0 01 m pyrophosphate buffer, pH 6 6 (10 ml per gm of origmal 
startmg mateiial) When the precipitate did not completely dissolve, the 
suspension was cleared by centrifugation, and the supernatant fluid con- 
taming the apoenzyme was collected When stored in small quantities at 
-20°, such preparations were stable for at least a month, with httle if any 
loss in activity Some preparations wmre found to lose no activity even 
after storage for 2 months at —20° 

Method of Assay — The foUowmg equations can be written for the oxida- 
tion of D-alanine by D-amino acid oxidase when coupled to the LDH system 


(1) D-AJanine + HjO -F O2 


D-amino acid apooxidase 


pyruvate + NHj -f- H2O2 


Pyruvate + DPNH + H+ ■ > lactate + DPN+ 


Net D-Alanine + H2O + O2 + DPNH + H+ lactate + NHj + H2O2 + DPN+ 
The rate of oxidation of DPNH as written is dependent on the rate of 

This and all the following steps in the preparation of the apooxidase may be 
carried out equally well at room temperature or at 4°, the latter temperature insures 
e stabilit}' of the enzyme during preparation but prolongs the treatment necessar3 
0 separate the coenzyme from the protein 



562 


FLAVIN ADENINE DINUCLEOTIDE 


pyravate formation in Equation 1 when an excess of LDH is present 
Likewise, pyruvate formation is dependent on the concentration of FAD 
in the presence of excess alanine Therefore, under these conditions fte 
rate of the over-all reaction is related to the degree of saturation of tk 
enzyme with its coenzyme As shown in Equation 1, H 2 O 2 is a product 
of the D-ammo oxidase reaction, this must be destroyed, as it can oudize 
pyruvate to acetate and CO 2 Accordmgly, even though the enz3Tne p^^ 



ml ENZYME MOLES FAD PER LITER x 10^ 

Fig 1 Concentration curves obtained by the n-amino acid oxidase sj’stem 
The reaction mixtures contained 100 pmoles of phosphate buffer, pH 7 5, 0 34 pmo!' 
of DPNH, 150 units of catalase, 0 1 mg of LDH protein, and 112 /imoles of dl alamce 
m a total volume of 3 0 ml Fig 1, A, the reaction mixtures contained a final coa 
centration of 5 0 X 10~® m FAD and the enzyme concentrations as shown B, tl' 
reaction mixtures contained 0 2 ml of apoenzyme and the FAD concentration- 
shoxvn All reactions were started with alanine Optical density changes are cor 
rented for the slight change due to endogenous FAD bound to the apoonda'e ^ 
different apoenzyme preparation from that used in Fig 1, B was used to obtam tfe 
data shown in Fig 1, A 


pared as described above contamed some catalase activity, catalase fa' 
always added in excess as part of the standard assay 

The standard assay adopted utihzes 150 umts of crystalline cafala.^, 
0 1 mg of crystallized protein of skeletal muscle LDH,^ 0 3 to 0 4 /<nio ® 
of DPNH, 112 nmoles of DL-alamne, 100 ^imoles of phosphate buffer,? 

7 5, 0 2 ml of D-aimno acid apooxidase (approximately 0 25 mg of 
prepared as descnbed above, and 0 15 to 1 00 7 (approximately 0 
10-3 to 1 5 X 10-3 pmole) of FAD in a final volume of 3 0 ml 

, T)PN 

’ Although the crude n-amino acid oxidase contained a very active 
lactic dehydrogenase, this was lost during the preparation of the apoon 
must be added in the assay 
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As can be seen in Fig 1 , A and B, the late of oxidation of DPNH is 
proportional to apoein: 3 '-ine and coenzyme concentrations, respectively 
In the absence of either LDH oi FAX) no appieciable activity is observed 
The appaient/fm foi FAD undci these conditions was found to be appioxi- 
mately 1 8 X 10“^ mole per htei This value, howevei , depends somewhat 

on the efficiency of lemoval of the pi esthetic gioup fiom the enzyme pro- 
tein Values have been lepoited ( 8 ) which lange from 1 3 to 2 5 X 
mole per htei at pH 8 3 

Deterimnalion of FAD — usmg the linear portion of the coenzyme 
saturation curve, as illustiated in Fig 1, B, it was possible to deterimne 
FAD levels between 0 15 and 0 90 7 (0 16 X 10~^ to 0 85 X 10~^ ;umole) 

Table I 


FAD Content of Rat Organs Obtained by Various Methods 


Organ 

TAD, y per gm fresh tissue 



Method 2t 

Method 3t 

Method 4§ 

Liver 

54 8 

31 0 

77 3 

36 6 

45 

Kidney 

30 0 

24 0 

61 0 

34 2 

20 

Heart 

18 9 

18 2 

64 6 

19 7 

60 

Spleen 

8 0 

3 4 


6 1 



* Fluorometnc determinations, Bessey el al (7) The average values are listed 
fManometric determinations accomplished with the D-amino acid oxidase sys- 
tem, Ochoa and Rossiter (10) The mean values are listed 
t Fluorometnc method of Yagi (11) The average values are listed 
§ Manometric determinations accomplished with the u-amino acid oxidase system, 
Warburg and Christian (1) The single values are listed 

m 3 0 ml It was advisable to plot a new standard saturation curve mth 
bnown FAD on the day of assay Although not shown in Fig 1, othei 
fiavms tested did not mterfere with the assay (9) FMN in concentiations 
100-fold in excess could not substitute for FAD as coenzyme m this system 
In addition, 3000-fold excess of the mononucleotide did not inhibit the 
D-anuno acid oxidase in the presence of FAD when measured by the spec- 
trophotometric procedure The results of deteiminations of FAD content 
of ammal tissues and of microorgamsms are presented m Tables I and II 
Values for FAD present in several organs of the rat, obtained by the method 
of assay described here, are given in Table I These values are compared 
to those reported by previous authors who used other methods It may 
be seen that m general the values obtamed by the present method agree 
fairly well wuth those reported earlier 
Perfused rat hver was fractionated by differential centrifugation into 
the nuclear, mitochondrial, microsomal, and soluble subfractions Spec- 
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trophotometnc assays on each subfraction showed that more than 50 pci 
cent of the total liver FAD was present m the mitochondria This is ol 
interest in view of the fact that the bulk of the pyridine nucleotides is ic 
the soluble fraction of rat hver ^ 


Table II 


Comparative FAD Content of Various Microorganisms 


Microorganism 

Spectro 

photometric 

method 

Fluorometnc method 

FAD ' 
centolL'd 

(D) 

j 

FAD per gm 
fresh 
weight 

(A) 

FAD per 
gm fresh 
weight 

IB) 

Total 
flavm, nbo 
flavm per 
gm fresh 
weight 

(C) 


Y 


■>' 


C kluyveri^t 

228 0 

226 0 

137 4 

79 4 

“ “ § 

7 0 

3 8 

11 2 

29 9 

Mycobacterium tuberculosis 607t|| 

12 3 

35 5 

33 0 

17 8 

“ phlei lOlfll 

12 6 

49 6 

44 5 

13 6 

C butylicum 

59 7 

61 1 

37 0 

771 

L delbrueckii*i 

21 0 

11 6 

20 3 

■dlfl 

“ arabinosus 

72 6 

62 6 

36 1 


Pseudomonas fiuorescens 

42 9 


1 

1 


Saccharomyces ceremsiae 

12 9 




Escherichia coli 

12 5 




Neurospora crassa 

8 5 




Achromobacter fiscken 

26 8 




Xanthomonas pruni 

12 0 





* Calculated from values given in Columns A and C as follows (Column li 
(2 09 X Column C)) X 100 = per cent FAD (The factor 2 09 was obtained Iron 
the ratio of molecular weights of 786 and 376 for FAD and riboflavin, respectively ) 
t The values were determined from dried cells and converted to fresh weight'll 
the assumption that cells are 80 per cent water 
t The cells were grown in synthetic medium 

§ The cells were grown in undefined medium . 

II The cell extracts were made with 10 volumes of 5 per cent trichloroacetic aci 
H We wish to thank Dr Fritz Lipmann for the culture of L delbruecln 


Presented in Table II are the values for FAD obtained from the ana ) 
of a number of microorgamsms For purposes of comparison, sei 
values obtained by the adapted fluorometnc method are listed in 
It may be seen that in most cases there is fairly good agreemen 


B 


the 


tween the results obtained with either the spectrophotometnc 
fluorometnc method The outstanding exceptions are those presen 
the values obtamed from the detenmnations on the mycobactena 
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This discrepancy may be attubuted to dinucleotide type flavins, not active 
in the D-ainmo acid oxidase system, winch, upon acid hydrolysis, yield 
FMN or fiee iiboflavni That this is not due to the presence of enzyme 
inhibitors vas shown by expciiments in which 90 to 100 pei cent of added 
FAD was lecovcred The appaient inconsistency of results obtained with 
Laclobacilhis ddbiucclii and with Clash idnim Iluyven grown in an undefined 
medium may be due to the lelative insensitivity of the adapted fluorometric 
proceduie to very low' levels of FAD 

Total flavin, detei mined by fluorescence after acid hydrolysis, is listed 
in Column C From these values and those given m Column A, the FAD 
content, expressed as per cent of total flavin, may be calculated In the 
case of Closhidnim btihjhcum, Laclobacilhis arabinosus, and C kluyveri 
grown in S 3 'nthetic medium, most of the cell flavin may be accounted for 
as FAD The species of Mycobactena, how'ever, show a low value of FAD 
as per cent of total flavin 

It IS of interest that the levels of FAD and total flavin in C kluyveri 
appear to be conti oiled to extremes by differences in the culture medium 
137 4 7 of flavin per gm (79 4 per cent FAD) w'ere obtained from cells 
grown in synthetic medium, w'hile only 11 2 7 of flavin per gm (29 9 per 
cent FAD) weie obtained from cells grow'n in undefined medium This 
effect of the medium is at present under investigation 

FAD content of a few' lughei plants has also been measured by this 
procedure The method is also applicable to the detei nunation of FAD 
in purified enzj'mes * 

Deiection of D-Aviino Acid Oxidase — In addition to its use for the deter- 
mination of the coenzyme, the method has been used for the rapid detection 
of the D-aimno acid oxidase itself in the presence of excess FAD and sub- 
strate In testing for the oxidase in crude homogenates, potassium cyanide 
at 1 0 X 10~® w'as added to inhibit the catalysis of DPNH oxidation 
by the homogenates By using w'hole homogenates of rat kidney and liver 
it W'as found, as previously repoited, that rat kidney is a much better source 
of the enzyme than is lat liver The presence of D-amino acid oxidase in 
whole rat heart homogenate could not be readily detected, due to the ac- 
tivity of a potent, cyanide-insensitive DPNH oxidase 

DISCUSSION 

A spectrophotometiic method has been described for the rapid determi- 
nation of micioquantities of FAD The piesence of other flavins greatly 
in excess of leqmred FAD does not interfere with this pioceduie Con- 

using the spectrophotometric method, it was possible to establish a new, 
Inphobphopj ridine nucleotide (TPN)-specific diaphorase from spinach leaf as an 
fad enzjine (Avron, M , and Jagendorf, A T , to be published) 
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centiations of FjMN fai in excess of those normally found in tissues lia\c 
no effect on the desciibed assay system Recoveiy experiments on nucro- 
orgamsms and ammal tissue exti acts mdicate that the method is applicable 
to within 90 to 100 pei cent of added FAD 

In general there is fairly good agreement of values of FAD obtained wtb 
eithei the spectrophotometric method described heie oi the fluoromelnc 
method adapted fiom Bessey et al (7) One exception, in the case of 
Mycobacteria (Table II), emphasizes the specificity of the forniei metbod 
for FAD and indicates that the fluorometric procedure may not alwajsh 
an accurate index of FAD concentration These results also suggest tb 
piesence of naturally occurring flann dmucleotide t)rpe compounds 4 b 
aie not identical mth FAD Such compounds are not ivithout piecedtat, 
as mdicated by the leports of Whitby ( 12 ), Huennekens et al (13), an! 
Singer, Keainey, and Massey (14) Deamino FAD and other analogue' 
of FAD do not react in the D-anuno acid oxidase system (9) , however, tke 
compounds would act like FAD under the conditions of the fluoromelnc 
assay 

Data are given in this paper which illustrate a number of geneia! appli 
cations for the spectrophotometiic method Besides providmg a rapid 
method for assaying FAD, it can be used to detect D-amino acid ouda^ 
in tissues At piesent the method is being utilized to measure thesm 
thesis of FAD in hver subfractions and to determine mechanisms invohed 
in flavoprotein action 


SUMMAKY 


1 A rapid, specific spectrophotometric method has been developed L 
the quantitative determination of flavin adenine dmucleotide (FAD) 
techmque involves coupling the D-ammo acid apooxidase to the lacti 
dehydiogenase system in the presence of catalase The method mayk 
used to deteinune as httle as 0 15 7 of FAD accurately and reproducibly 

2 FAD concentrations in animal tissue extracts have been detemuned 
by this method and compared to those available m the earlier literaiuff 
Deteiminations on subcellular fractions of perfused rat hvei shov fbe 
mitochondria to have the highest content of this dmucleotide 

3 By using this method, a suivey of FAD levels of a number of micro- 
oigamsms has also been earned out, and values obtamed have been com 
pared, in some cases, to those obtained with a fluorometnc method D> 
ences between the two methods ivere observed in the case of 
Mycobacteria, which may suggest the presence in these cells of 
amounts of iiboflavin bound m complex structuies not identical vd ^ 
or FMN 
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4 The proceduie desciibcd has also been used for the detection of 
D-annno acid oxidase in tissues 

Walans and Walaas (15) have reported recently that partial struc- 
tural analogues of FAD as FMN and AMP inhibit the D-amino acid oxidase system 
as measured mauomctricallj It should bo noted that we have not seen any inhibi- 
tion of the oxidase system as measured spectrophotometrically with concentrations 
of mononucleotides at 10“’ m and FAD at 2 X lO"’ M 
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Flavin adeimie dinucleotide (FAD) of natuial origin was first prepaied 
and charactenzed by Waibuig and Chiistian (1, 2) Recently, methods 
for the preparation of FAD have been modified by the apphcation of more 
modern techniques Laige scale papei chiomatogiaphy has been used by 
Huemiekens and associates (3, 4), column electiophoresis by Sihpiandi and 
Bianchi (5), and column chromatogiaphy on powdeied cellulose by Whitby 
(6, 7) These proceduies lesulted in the isolation of at least 90 per cent 
pure FAD 

An mgemous first chemical synthesis of the dinucleotide was achieved 
several years ago by Chiistie, Kenner, and Todd (8) by the condensation 
of salts of riboflavin-5'-phosphate with 2' , 3'-0-isopropyhdene adenosme- 
5'-benzyl phosphorochloridate followed by the removal of protective 
groups 

Shuster, Kaplan, and Stolzenbach (9) have reported a prehmmary at- 
tempt at synthesis of the dinucleotide with the trifluoroacetic acid an- 
hydride (TFAA) -condensing agent of Bourne et al (10), this yielded a 
mixture that was coenzynnatically active in the D-amino acid oxidase sys- 
tem This paper presents a detailed extension of this latter synthesis of 
FAD hy the direct condensation of flavm mononucleotide (FMN) and 
5'-adenyhc acid (AMP) Subsequent laige scale isolation and purification 
by chromatography accordmg to the method of ^Vhitby (V) are described 

While this paper was in preparation, Huennekens and Kilgour (4) re- 
ported another direct synthesis of FAD, with the use of the caibodiimide 
type catalyst recommended by ILhorana (11), and isolation of the dmu- 
cleotide by paper chromatography 

Materials and Methods 

FAD of 63 5 per cent puiity was obtained from the Sigma Chenucal 
Company, and synthetic FMN was a gift from the same company AhlP 

* Contribution No 155 of the McCollum-Pratt Institute This work was aided 
y grants from the American Cancer Society, as recommended by the Committee on 
Growth of the National Research Council, and the National Cancer Institute, Na- 
bonal Institutes of Health (grant No C-2374(C)) 

tPredoctoral Fellow of the National Cancer Institute of the National Institutes 
01 Health Present address, Rockefeller Institute for Medical Research, New York 
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(My-B-Den) was purchased from the Ernst Bischoff Company, Iqc 
and tnfluoroacetic acid anhydnde was supplied by the Columbia Or 
game Chemicals Company, Columbia, South Carolina Whatman ashing 
powdered cellulose, standard grade, and all orgamc solvents, reagent grade 
were obtamed through the Fisher Scientific Company 
Symthetic FAE as isolated and punfied by column chromatography oe 
powdered cellulose with the solvent system of Whitby (7) ?i-butano! 
n-propanol-water (2 2 1 volumes, ratio) The biological activity of prof 
ucts was determined vuth the D-amino acid oxidase system coupled 
lactic dehydrogenase, as described m the preceding paper (12) 

Light absorption, measured with the Beckman model DIJ spectropliotoa 
eter, as well as paper chiomatography and constitutive analysis, vere use. 
to characterize further the dmucleotide and to determine the punty of fhc 
final product 

Adenine, as adenosine, was determined by the method outlined bv 
Kaplan (13) or that of Kalckar (14), by using both cnide snake venom 


pyrophosphatase and intestinal adenosme deaminase, the deamination wm 
followed by measuring the increase at 240 mu with the aid of the Beckmas 
photomultiplier attachment, model No 4300 Crude venom of the rattle- 
snake (Crotalus adamanteus) was obtamed from Ross Allen’s Reptih 
Institute as a lyopluhzed powder, and crude intestinal deanunase wm 
purchased from the Aimour Company Ribose was deteimmed by th' 
orcinol method of Mejbaum as described by Taylor et al (15), and phosj 
phate, as inorganic phosphate, by the method of Fiske and Subbarow (1C]| 


Results 

Synthesis of FAD — 10 3 gm of FMN (monosodium salt, dihydrate) ai • 
3 5 gm of AMP were thoroughly mixed in a dry mortar, and 100 ml ( ' 
TFAA weie added^ in small portions with continuous stirrmg and grindir. < 

Aftei all the anhydride was added and the sohds were nearly complete •! 
dissolved, the moitai contaimng the dark amber-colored mixture v 
placed in an empty vacuum desiccator and closed from the air Ti 
desiccatoi was then allowed to stand at room temperature in a dark cc ’1 
board for about 16 hours At the end of this period of time it was a i/ 
nected to a vacuum, and excess TFAA ivas removed until either a bh 
thick, gummy residue or sohd glass remamed This lesidue was 11 ij, 
tnturated with 180 ml of cold, anhydious ether The bright ye ^ 
orange precipitate foimed was centrifuged, washed twice with 80 ml f 
tions of ether, and then diied zn vacuo 

* Caution Due to the vesicatory properties of the vapor of this reagent, sib ^ 
should be carried out m the hood, proper protection being provided for ew 
body surfaces 
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To the diied, j^ellow powdei ;\cie added 150 ml of cold absolute ethanol, 
saturated with ammonia gas The solid was well suspended and placed 
on ice for 30 minutes The suspension was centiifuged and the piecipitate 
again placed on ice, this time for 10 minutes, aftei lesuspension in NH3- 
saturated ethanol The piecipitate was spun off, washed twice wth 80 
ml poitions of cold, absolute alcohol, and diied as before The fine, 
granular, oiange powdci (designated AI) weighed 13 gm 
A sample of this alcohol-insoluble mateiial was dried to constant weight 
in vacuo ovei PoOs at 55° When assayed foi coenzymatic activity m the 
D-amino acid oxidase system, i\ith Sigma FAD as a standaid,^ the content 
of FAD vas found to be 9 4 pei cent 

Isohkon and Purification of FAD — ^750 gm of Whatman cellulose powder 
weie u ashed uitli 0 1 n HCl until waslnngs weie fiee of absorption at 260 
m/z The powdei v as then ti eated with a nnxtui e of n-butanol-n-propanol- 
water (2 2 1) until the washings no longer absoibed appieciably m the 
region 375 to 450 ni/i The washed powder was then pouied as a slurry 
into a chromatogiaphy column and allowed to settle and pack to give a 
cellulose bed 150 mm wide by 105 mm high ' 

7 5 gm of the synthetic leaction mixtuie (AI) were then placed on the 
1 column in thiee successive portions, each portion was dissolved m 125 
^ml of vatei, 250 ml of ?i-propanol, and about 100 ml of a-butanol, each 
Isolvent being added slo^^ly m turn in the oidei hsted Upon the addition 
-of excess butanol, and upon addition to the column, there occuiied a slight 
I'precipitation, this caused no interference^ as the material redissolved as 
the column was eluted 

The column was developed slowly m the dark by using the solvent system 
. nentioned above The elution of the flavins was followed mth the Beck- 
,1 nan model DU spectrophotometer by the absorption at 260 and 450 mju, with 
,lie resulting elution pattern m Fig 1 By takmg advantage of extremely 
' low mobility of the FAD band, the height of the column was greatly re- 
Jicted Accoidmg to control separations,^ the elution pattern expected 
om such a restriction would include a major peak contaimng a mixture 
fast moving contaminants and a secondary peak contammg the slow 
ovmg FAD The absence of a discrete dinucleotide peak m this instance 
' ay be explained by an overloading of the physical capacity of the colunm 

j d In all cases in 11111011 commercial FAD was used as standard, correct concentra- 
®as determined from the per cent purity as indicated by the Sigma Chemical 
' and the dry Height after drying in vacuo over PiOs at 55° 

itt It may be necessary to line the top of the column with a circle of filter paper to 

are homogeneous distribution of flavins without disruption of the cellulose sur 
e 

^'Umerous separations on a small scale with the use of cellulose columns not 
d’’ in height shoved definite partitioning of five to six flavin components, the 

t of which was PAD 
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When the elution of all flavins was complete, the total effluent was 
dmded arbitianly into five sections of equal volume, as indicated m Fig i 
and aliquots horn each composite section were extracted into water and 
assayed with the use of the D-ammo acid oxidase system described in the 
preceding paper (12) The final 36 hters of efiluent which contained the 
coenz 3 >-matic activity iveie extracted wnth chloroform, 10 volumes of eluate 
being reduced to 1 volume by the addition of 5 volumes of CHCij The 
combined aqueous layers weie extracted several times more, then lyophi! 
ized to diyness in the dark This yielded a fluffy, bright orange material 
weighing a total of 980 mg (designated as C) A sample of this materal, 



Fig 1 Elution of flavins from large preparative column Aliquots of effluent 
were diluted mth a mixture of n-butanol-n-propanol-water (2 2 1) and read against 
the same solvent as blank in the Beckman model DU spectrophotometer Arrow 
heads indicate points of arbitrary section of the total effluent 

dried to constant weight over P 2 O 6 at 55°, showed a FAD content of 66 0 
per cent when assayed by the D-aimno acid oxidase system 
In an attempt to purify this material further, 200 mg were came 
through the same procedure once again with a smaller column, 75 nac 
wide by 110 mm high From this column, as shown in Fig 2, one major 
peak was obtained ivith a shoulder, both of which were coenzymaticallj 
active These were separately extracted and lyophihzed as before (dos 
ignated CTI and C-III, respectively), a total of 113 mg was obtained, no 
effort being made at quantitative recoveiy , , 

Charactenzahon and Detemmiahon of Purity — Samples of aU mola 
materials analyzed weie dried as before over P 2 O 6 and dissolved m va er 
Table I shows the FAD content of several isolated fi actions Companso^ 
of ratios of optical densities at characteristic wave lengths aie also guc , 
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50 y samples dissolved in n total volume of 3 0 ml with 01 m phosphate 
buffer, pH 7 5, weie used foi the spectral studies These results illustrate 
that extinction data alone aie not suitable as criteria of purity of FAD 



Fig 2 Purification chromatography of isolated FAD Aliquots of effluent were 
diluted with solvent mixture and read against the same solvent as blank in the spec- 
trophotometer Peak C-II was found to be 95 per cent pure FAD 

Table I 

Relative Absorption Properties and Punty of Several 


Isolated Fractions 


Flavm* 

£410 

Etn 

Etn 

Punty, per cent 

(«) 

m 

Preparation AI 

2 72 

0 86 


9 4 

“ C 

3 12 

0 85 

98 4 

66 0 

“ C-II 

3 30 

0 83 

95 1 

95 3 

“ C-III 

3 00 

0 86 

97 5 

39 4 








Theoretical ratios of light absorption, — and — , have been reported (7) at 3 27 

450 450 

0 82, respectively Per cent purity is calculated on the basis (o) of light absorp- 
tion, assuming = 1 13 x 10^ sq cm per mole (2, 7) and (6) of coenzymatic activity 
in t e D-amino acid oxidase system by using Sigma FAD as standard, details of which 
^le^given elsewhere (12) 

For explanation of symbols, see the text 


The absorption spectrum of preparation CTI, assumed to be 95 per cent 
pure pad, is shown m Fig 3 Ultimate constitutive analysis of this 
uiatenal showed a flavm-phosphate-nbose-ademne ratio of 1 0 2 08 1 05 
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1 05 The results shown m Table II indicate that C-II is almost pure 
FAD 

Comparative experiments indicate that this purified product has co- 
enzjmiatic piopeities ascribed to FAD of natural oiigiu It was founi] 
that piepaiation C-II could activate the Neiirospora nitrate reductasf 



C-II dissolved in a total volume of 3 0 ml with 01 m phosphate buffer, pH 7 5 


Table II 

Constitutive Analysis of Various Flavin Fractions 


Flavin* 

Total P, per cent 

Ribose 

Fla Vint 

Adenint 

Flaviat 

Preparation C 

8 02 



“ C-II 

8 28 



“ C-III 

8 98 

1 0 65 

1 



* For explanation of the symbols, see the text 
t Flavin based on extinction at 450 m;* 


system which is known to utilize FAD for full activity (17), furtbermore, 
it inhibited the Achromobacter fischen luminescence system which is 
inhibited by natural FAD (18) 

Synthesis of Analogues of FAD — It w’^as the ultimate purpose of t is 
study to devise a method for the preparation of analogues of FAD m 
might aid in the study of the mechamsm of action of flavin 
Accordingly, a number of non-physiological dinucleotides of nboflai^ 
been prepared by varying punne-pyrimidine mononucleotides to be 
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densed FMN in the picscncc of TFAA, analogues containing guanine, 
cjdosme, and uiacil ^^cle picpaicd Anothei analogue was piepared by 
the smular coupling of FMN wilii incolinanude mononucleotide (NMN) 
Finally the deamino FAD nas piepaicd by deamination with HNO 2 ac- 
cording to the method of Kaplan, Colowick, and Ciotti (19) foi the prepaia- 
tion of deamino DPN 

The precipitated ciude leactiou inixtuie® m each case was assayed 
directly in the n-ammo acid oxidase system In eveiy instance the com- 
pounds foimed neie found to be biologicallj'- inactive as either activatois 
or mhibitois in tins sj'’stem It is evident that the ademne nucleus is 
essential for coenzymatic function and that its leplacement results m a 
loss of activity 


DISCUSSION 

FAD has alwaj^s been 1 datively unavailable in puiities and amounts 
necessary for detailed chenucal and enzymatic studies It was desirable 
that some method be perfected for a large scale pieparation of this co- 
enzyme in high purity Trifluoi oacetic acid anhydride has been employed 
as a catalyst for the condensation of S'-mononucleotides to dmucleoside 
pyrophosphates (20) A prehmmaiy attempt by Shuster et al (9) to pre- 
pare the rmxed dniucleotide, FAD, with the use of this reagent gave a 
crude reaction mixture which vas able to reactivate the D-amino acid 
apooxidase The vork leported heie is an extension of this preliminary 
synthesis and describes a simple, practical method suitable for a large 
scale isolation and purification of the coenzyme 

It is evident from the piepaiation of tins naturally occunmg dmu- 
cleotide that this method affoids a means foi the lapid synthesis of anal- 
ogous compounds which may aid in the study of the mechanism of flavin 
participation in biochemical systems Four analogues have been syn- 
thesized by varying 5'-mononucleotides in the leaction vnth FMN A 
fifth analogue has also been prepaied by chemical deamination of FAD with 
HNOj In eveiy instance the analogue has proved to be inactive as co- 
onzyme for the n-amino acid oxidase system Thus it appears that the 
oxidase system is specific for the adenine moiety of the flavin dmucleotide 
^alogues in which substituted flavin mononucleotides are being condensed 
^vith AMP are now in the piocess of preparation 

The authors vush to express their gratitude for the studies performed 

' Analogues amthesized by the TFAA method are precipitated ivith ether as de- 
^ ^hove The deamino FAD may be precipitated by either of tuo wars (1) 
acetate from solution neutralized uith KOH, or (2) uith 5 volumes of 
acetone from a solution made acid to Congo red with HNO3 
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by ]\Ir Stephen C Kmsky and Mr Palmer Rogers with the Neumpor 
mtrate reductase and A fischen luciferase systems, respectively 

smcvtARY 

1 A s 3 mthesis of flavin ademne dmucleotide (FAD) is desciibed in vine 
riboflavin-5'-phosphate and 5'-adenyhc acid are coupled directly m th 
presence of trifluoroacetic acid anhydiide 

2 The dmucleotide, active as coenz 3 rme m the D-amino acid ouda' 
sy^stem, has been isolated and punfied by column chromatographic method: 
smtable for large scale preparations 

3 The purified product has been characterized and estimated to be 9a pr 
cent pure FAD 
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THE DIGESTION AND ABSORPTION OF 
ACETYLTRYPTOPHAN 
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Houston, Texas) 

(Received for publication, April 27, 1956) 

In a recent paper (1) data iveie piesented to show that acetyl-n-tiypto- 
phan was excieted lu the feces, wheieas acetyl-L-tiyptophan was preferen- 
tially absoihed and utilized Thiee possibihties weie presented to explain 
the absorption of the l isomei (a) It is deacetylated when passing through 
the gastrointestinal tract, (6) it is absoibed as acetyl-L-tryptophan and 
then deacetylated, and (c) both (a) and (h) may occui This paper presents 
experimental data taken in an attempt to leain moie about the mechanism 
of digestion and absorption of acetyltryptophan 

Methods and Results 

Acetyl-L-tryptophan was prepared as befoie (1) Acetyl-DL-tryptophan 
was synthesized by the acetylation of uL-tryptophan (2) In order to 
determine whether gut mucosa contains an enzyme w'hich will deacetylate 
acetyltryptophan (1, 3), a section of fiesh dog duodenum and jejunum was 
flushed with water and split longitudinally All visible parasites weie 
removed, and the mucosa was then sepaiated as directed by Hawk, Oser, 
and Summerson (4) 

5 ml of the aqueous extract of the mucosa were incubated at 37°, pH 
6 0 to 8 5, with 2 mg of acetyl-L-tryptophan for 24 hours Chromato- 
graphs of the incubation sample indicated that no hydrolysis had occurred 
All chromatographs w^ere resolved on Whatman No 1 paper m a solvent 
system of methanol-butanol-benzene-H20 (2 111) (5) and developed 
With p-dimethylammobenzaldehyde In this system l- and n-tryptophan 
give shghtly different Rp values, whereas nn-tryptophan ynelds an elongated 
Spot From this evidence it wms concluded that the digestive enzymes 
secreted by the gut mucosa do not hydrolyze acetyltryptophan 

The structure of acetyltryptophan suggests that carboxypeptidase would 
attack the molecule Using acetyl-nn-tryptophan as the substrate, Put- 
nam and Neurath (6) showed that 17 9 per cent hydrolysis occurred vathin 
105 minutes of incubation with carboxypeptidase crystalhzed either five 
or seven times Gilbert et al (7) reported a rate of hydrolysis of only 6 
Mmoles for acetyl-nn-tryptophan per hour per mg of enzyme N 

* Present address. The Dow Chemical Company, Freeport, Texas 

677 
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Carbo\ 3 'peptidase, ci^^stallized three times, obtained from the Worthine 
ton Biochemical Corporation, was diluted to contain 0 083 mg of N per 
ml iMth 0 02 phosphate buffer, pH 7 7, containing 0 46 rag per cent of 
MgCh Ahquots of tlus solution weie incubated m a Dubnoff metabolic 
shakei at 37° vnth an equal volume of a 0 05 niM solution of acetyl d or 
acetyl-L-try^ptophan in buffei oi a 0 10 imi solution of acetyl-DL-tryptopkn 
in buffer At 0, 1, 2, 4, and 24 horns, aliquots of the incubation mixture 


1 



-T ' ' 1 ' ^ 1 ^ ' , ^ T 1 ' * 1 

OHR IHR 2 HR 4 HR 24 HR. CONTROLS. 


Fig 1 Hydroljsih of acetjltr3’’ptophan b)’' carbox} peptidase Chromatograp'' 
resolved in methanol -butanol-benzene-H20 (2 111) and developed vith 2 per ccot 
p-dlmeth^lamlnoben^aldehJ^de Spot 1, acetyl-D-trjptophan with carboMpepl' 
dase, Spot 2, acetj 1-L-trj^ptophan with carbo\3’^peptidase, Spot 3, acet3l ai 1131)10 
phan with carbo\3 peptidase 

were xvithdraxvn The enzymatic action xvas stopped bj'^ boiling fof ^ 
minutes, and the coagulated protein was lemoved by centiifugation 
filtiate was chromatogiaphed xvith 20 pi applications Incubation sajn 
pies contaimng acetyl-n-tryptophan as substiate did not juelci a spot of 
D-tryptophan, indicatmg that no hydiolysis had occuired Samples ^ 
acetyl-L- or acet 5 d-r)L-tr 3 ''ptophan as substiate yuelded a spot for 
phan after 1 houi incubation At subsequent time intenmls the spo 
came moie pronounced (Fig 1) 

Quail titatnra results fiom miciobiological assaj'^s suppoited the 
tographic evidence that hydiolysis of the acetyl-L and acetyl-nnan 
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had occuircd Essentially, the assay method foi determining L-tiyptophan 
with LadohaciUus plouiaiitm, ATCC 8014, was similai to that described 
by other ^^orkers (8, 9) Both the basal medium described by Stokes ei 
al (10) and the ti^^ptophan assay medium from the Difco Laboratories 
were found satisfactoiy Incubation Avas earned out at 31° for 18 hours, 
and the gioudh response of the test oiganism was measured turbidimetri- 
cally m a Idett-Summerson coloi imetei at 660 mu In preliminary investi- 
gations it Avas found that L phniarum did not utilize the acetylated isomeis 
of tryptophan QuantitatiA'’e measurements of L-tryptophan could be 
obtained m the presence of the acetylated analogue at the concentration 


Table I 

Hydrohjsis of AcctijUryptophan by Carboxypeptidase* 


Substrate in assay aliquot 


Acetyl L-toTitO' 
phan 

Acetjl DL-trypto- 
phan 


0 15 
4 31 

1 85 
6 15 
4 31 
1 85 


Time of incubation at 37 5° 


1 hr 

2 hrs 

4 hrs 

24 hrs 

i/-Tryp- 

tophan 

Hjdrol 

ysis 

L-Tiyp 

tophan 

Hydrol 

ysis 

i>-Tiyp 

tophan 

Hydrol 

ysis 

tophan 

Hydrol 

ysis 

y 

per cent 

7 

per cent 

Y 

per cent 

1 

per cent 

0 20 

3 25 

0 25 

4 07 

0 43 

6 99 

1 40 

22 76 

0 

0 

0 17 

3 95 

0 35 

8 12 

1 00 

23 20 

0 

0 

0 

0 

0 17 

9 19 

0 43 

23 24 

0 40 

6 50 

0 50 

8 13 

1 00 

16 26 

4 30 

69 92 

0 20 

4 64 

0 40 

9 28 

0 75 

17 40 

3 00 

69 61 

0 

0 

0 20 

10 81 

0 30 

16 22 

1 22 

65 95 


a standard curve 


ratios expected m the assay of the carboxypeptidase-acetyltiyptophan 

incubation mixture , , ,, 

The mcubation samples for assay were diluted so that the 
L-tryptophan formed on hydrolysis would fall AAothm the ^ 

ing range on the standard curve Both chromatograp y an nw 
cal assay demonstrated that acetyl-DL-tryptophan was ly ro yz 
greater extent than was acetyl-L-tryptophan (Table I) 

The slow rate at Avhich acetyltryptophan was hy royze 
cated that carboxypeptidase is not the only mechamsni o . 
and subsequent utilization In order to determine w e 
phan IS absorbed before deacetylation, fourteen rats, as e ) 

fed 10 mmole (246 mg) of acetyl-n-tryptophan as as 

stomach tube At hourly intervals two rats were sacnficed an 
withdraAvn from the vena cava The blood was 
PWungstic acid, and 50 jul of the filtrate were chromatographed 
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each time mteival acetyltiyptophan was detected Microbiological assai 
of the blood filtrate showed a nse in the L-tryptophan content at 6 hours 
The filtrate from control rats fed an equivalent amount of L-tij^ptophac 
showed a peak at 3 hours (Fig 2) Quantitative data on the difference 
of absorption of the free and acetylated tryptophan isomers ivill be pre 
seated in a succeeding paper 


340 
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cn 

w 300 
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c 280 
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I- 

9 260 

CD 

tc 
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II 240 

t- 
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^ 220 
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HOURS 

Fig 2 n-Tryptophan content in blood of rats fed equivalent amounts of l tryp'o 
phan and acetyl-L-tryptophan Measured by microbiological assay ivith L jifw 
tarum 8014 Growth response of the test organism measured turbidimetncallj ons 
IGett-Sumraerson colorimeter at 660 mfi 



DISCUSSION 

Although carboxypeptidase does hydrolyze acetyl-L-tryptophaUi 
rate appears to be too slow to be of importance The early appearancco 
acetyl-L-tryptophan in the blood of rats indicates that some of the mgesf 
acetyltryptophan is absoibed before deacetylation can occur in thega 
It IS probable that acylase, a deacetylating enzyme found in the hver an 
kidney of seveial species of mammals (1,4), is responsible for the 
tion and subsequent utihzation of aeetyl-L-tryptophan 
i^-tryptophan content of the blood 6 hours after ingestion 
isotner may be the result of either deacetylation of the 


of the acetilaffj* 

absorbed acetU 
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tiyptophaii by acylase oi the absoiption of the fiee tryptophan formed by 
the action of caiboxypeptidase on the acetyl tryptophan remarning in the 
gut 

The effect of the acetyl-D-tiyptophan in a racemic im\tuie on an enzyme 
such as caiboxypeptidase is difficult to e\plain The possibility of con- 
tanunation of the acetyl-DL-tryptophan was eliminated when chromato- 
graphs and a negative ninhydim leaction showed the complete absence of 
free tryptophan Consistent results were obtamed with new batches of 
carboxjT^ptidase and acetyltiyptophan and with a mixture of equal por- 
tions of acetyl-D- and acetyl-L-tiyptophan The same effect can be dem- 
onstrated in VIVO When rats fed acetyl-nn-tryptophan nere subjected to 
the Con technique (11) for measiumg absorption and the gut filtrate was 
assayed for fiee n-tiyptophan, a sharp increase m bacterial groivth occurred 
at the 6 hour interval Gut filti ates of i ats fed acetyl-L-ti yptophan showed 
no increase in L-ti yptophan at any time interval The increased hydrolysis 
of the racennc imxtuie shows that the d isomer does not compete for the 
favored position on the enzyme molecule Further work is in progress to 
evaluate the effect of the acetylated d isomer in the racemic mixture on 
the action of carboxypeptidase 


SUMMARY 

Carboxypeptidase hydrolyzed acetyl-DL-tryptophan at a greater rate 
than it did acetyl-L-tryptophan even though it is specific for the l isomer 
The rate of hydrol3’’sis was considered too slow to be of importance in the 
absorption and utilization of acetyl-L-tryptophan Acetyl-n-tryptophan 
was found m rat blood shortly after its ingestion It was concluded that 
the major portion of acetyl-L-tryptophan was absorbed before deacetyla- 
tioa 
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Many investigations have demonstiated that amino acids are absorbed 
by enzymatic piocesses (1-3) Recent investigations on the fate of in- 
gested acetyl-L-tiyptophan (4) showed that the rate of absorption of this 
isomer is much slovei than that lepoited pieviously for an equivalent 
amount of free L-tiyptophan (5) du Vigneaud et al (6) found, however, 
that the acetylated analogue is utihzed equally as weU as the free form 
for growth in rats, and Baldvun and Beig (7) repoited that acetyl-n-tryp- 
tophan mil maintain mtiogen balance in humans Therefore, the differ- 
ence in the rate of absoiption suggested that a comparison of the absorp- 
tion of the various isomers of free and acetyltryptophan might help clarify 
the action of the enzymes concerned in this process This paper presents 
experimental data on the absorption of n-, L-, bl-, acetyl-n-, acetyl-L-, or 
acetyl-DL-trjqitophan from the gastrointestinal tract of rats 

Methods and Results 

The free amino acids used in this study w^ere ob tamed fiom the Nutri- 
tional Biochemicals Corporation The acetylated isomers wmre prepared 
as before (8, 9) In each experiment twenty-one rats of the Sprague- 
Dawley strain, v eighing approximately 160 gm , were fasted for 48 hours 
They were then divided into seven groups of three lats each Five of the 
groups were fed 1 mmole of the test compound as its sodium salt by stomach 
tube Prehimnary studies had showm that some absorption occurs im- 
mediately after feedmg Theiefore, the sixth group was given an mtra- 
pentoneal mjection of Nembutal, fed the ammo acid solution, and sacri- 
ficed withm 10 mmutes to obtain 0 hour results The seventh group ivas 
used as unfed controls 

At 2 hour mtervals up to 10 hours, a group of rats was anesthetized and 
the abdominal cavity was opened Blood was withdrawn from the vena 
cava in a heparimzed syringe and deproteimzed unth phosphotungstic acid 
The gastromtestinal tract was tied at each end to prevent loss of contents 
and then removed The gut was freed of excess tissue, cut in I inch sec- 

* Present address, The Dow Chemical Company, Freeport, Texas 
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/ and suspended m 500 ml of H 2 O The extract was then filtered 
(nigh, gauze to obtain a lelatively clear solution 
^The blood filtiates nere assayed with Lactobacillus plantanim (10, II) 
foi fiee tryptophan A sharp rise in the free tiyptophan content in the 
blood of rats fed n- or nn-tryptophan occuiied at the 2 hour inten^al In 
the lats fed acetyl-L- oi acetyl-nn-tryptophan, the rise occurred at the C 



houi interval Blood and gut filtrates were chromatographed as previou'h 

described (4) Figs 1 and 2 represent composite drawings of all tbe chro- 

matographs 

Tryptophan or acetyltryptophan in both blood and gut filtrates 
determined by using the Shaw-McFarlane chemical method (12) 
the 48 hour fasting period, only slight variations m results Mere fou>^ 
among individual rats witlun a gioup The values leported are gio^P 
averages corrected by subtracting the average value obtained for the con 
trol group Table I summarizes the results of the chemical analysis an 




L hours I I HOURS I I HOURS I 
U TRYPT'N D'TRYPT'N DU-TRYPT'N 


■11 I 

0 a 10 

1 HOURS I 

1 1 

ACETYL- L 
TRYPT'N 


0 2 io 

1 HOURS I 

ACETYL-D 

TRYPT'N 


0 2 io 

1 HOURS I 

ACETYL -DL 
TRYPT'N 


Fiq 2 Disappearance of tryptophan and acetyltryptophan from the gastroin- 
testinal tract of rats fed 1 mmole of the isomer 


Table I 


Absorption of Tryptophan and Acetyltryptophan 
from Gastrointestinal Traci of Rats* 


L-Tryptoph 

an 

P-Tryptophan 

DL-Tryptophan 

Acetyl L 
tryptophan 

Acetyl-n- 

tiyptophan 

Acetyl Di^ 
tryptophan 

a 

u 

X3 

o 

V) 

< 

In blood 

In gut 

Absorbed 

In blood 

In gut 

Absorbed 

In blood 

4-> 

s 

a 
)— 1 

Absorbed 

T3 

O 

3 

a 

M 

In gut 

Absorbed 

In blood 

1 

c 

Absorbed 

In blood 

tng 

per 

cent 

mg 

Per 

cent 

mg 

per 

cent 

mg 

per 

cent 

mg 

per 

cent 

mg 

per 

cent 

mg 

per 

cent 

ms 

ter 

cent 

mg 

per 

cent 

mg 

per 

cent 

mg 

per 

cent 

mg 

per 

cent 

140 

31 4 

12 

130 

36 3 

18 

150 

26 5 

13 

225 

8 5 

17 

190 

22 8 

7 

200 

18 7 

3 

29 5 

85 5 

55 

115 

43 6 

18 

22 5 

89 5 

25 

150 

39 0 

7 4 

183 

25 6 

10 

167 

32 1 

4 5 

0 

100 

17 5 

75 

63 2 

19 

11 2 

94 5 

6 

156 

36 6 

6 0 

188 

23 6 

10 

170 

30 9 

0 

0 

0 

0 

75 

63 2 

16 

7 5 

96 3 

4 5 

145 

41 1 

3 0 

190 

22 8 

15 

160 

35 0 

0 

0 

0 

0 

65 

68 1 

10 

7 3 

96 4 

0 

125 

49 2 

3 0 

187 

24 0 

15 

115 

53 3 

0 

0 

0 

0 

50 

75 5 

10 

7 2 

96 5 

0 

112 

54 5 

3 0 

205 

16 7 

15 

122 

50 4 

0 


For L-, D-, and nn-tryptophan, 204 mg dose, for acetyl-L-, acetyl -n-, and acetyl- 
’’^^Wophan, 246mg dose 

Measured by the Shaw-McFarlane chemical procedure 
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clearlj’- sho^^s that the rates at which tryptophan and acetyltryptoplian 
are absorbed and utihzed i^ary widely 


DISCUSSION 


The results of chemical, imcrobiological, and chromatograpluc analjsci 
agree mth those of earher repoits that L-tryptophan is rapidly absorbed 
from the gastrointestinal tract and disappears quickly from the blood 
stream (5) Although 204 mg is a large dose for a rat in terms of dailj 
requu-ements, the animals were capable of absorbing all of the l isomer 
■nithm 4 houis after ingestion The concentration curve of L-tryptoplm 
m the blood shows that the isomer disappears from circulation almoi as 
rapidl}’- as it is absoibed 

Although the imtial absorption of D-tryptophan compares with that ol 
L-tryptophan, the absorption rate is i educed, and, aftei 10 hours, onlyfo 
per cent of the ingested compound is absorbed The slow rate of absorp 
tion of the isomer may aid m its subsequent utihzation Blood levels mi 
cate that D-tryptophan is present even 10 hours after ingestion Although 
the D-tryptophan is metabohzed moie slowly than the l isomer, Oesterhng 
and Rose (13) found that it can be satisfactonly utihzed by lats 

Results obtained from rats fed DL-tryptophan indicate that the h moiet) 
of the racemic mixture is preferentially absorbed A higher percentage 
of the D isomer m the racemic mixture is absorbed than might be expected 
from lesults obtained on D-tryptophan alone It is possible that the 
enzyme system lesponsible for the absorption of n-tryptophan xias oxer 
w^helmed by the 204 mg dose, but, with a reduced amount of d isomer 
available in the racemic mixture (102 mg ), greater absorption could occi/r 
However, the sharp decrease m the rate of absorption of the nn-tryptopluii 
observed at the 4 hour interval suggests that the l isomer has been com 
pletely absorbed by this time and that only the d isomer remains Tins 
IS then absorbed at the slow rate observed noth n-trj^ptophan alone 
Therefoie, it seems that the presence of L-tryptophan in a racemic mixture 


enhances the absoiption of the d isomer The influence of the l isomer on 
the utflization of the d enantiomorph of tryptophan in growth studies mtli 
mice has been reported (14) 

The absoiption rate of acetyl-L-tryptophan is similar to that of ntry^ 
tophan At the end of 10 hours, only 55 per cent of the ingested compoun 
had been absorbed, yet the acetylated isomer has been found to be equiu 
lent to the free form m supporting groxxdih in rats The level of ace } 
L-tryptophan in the blood immediately after ingestion of the compo® 
comparable to the amount of D-tryptophan found in blood filtrates o ra ^ 
fed the d isomer The sharp decrease in this level withm 2 hours 
that the body can deacetylate and utihze acetyl-L-tryptophan fas cr 
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it cau be absoibed The measuiable amount of acetyl-L-tryptophan in 
the blood aftei 10 houis indicates that absoiption continues at a slow rate 
even ui the large intestine 

Langner and Volkniami (8) have shown that 75 pei cent of mgested 
acetyl-D-tiyptophan is not absoibed by the human subject Smular re- 
sults are obtamed with lats 10 houis aftei feeding acetyl-D -tryptophan 
to rats, only 16 to 25 pei cent of the compound is absoibed The high, 
constant level of acetyltiyptophan in the blood suggests that the small 
amount of acetjd-D-tiyptophan absoibed is not utilized and probably is 
eventually excreted in the mine 

The specificity of the enzymes concerned m absoiption is clearly shovm 
with acetyl-D-tiyptophan If a fiee anuno gioup is not essential for ab- 
sorption as denionstiated by acetyl-L-tiyptophan, and if the stereoairange- 
ment is not important as slioivn Avith D-tryptophan, then the effect of 
acetylation of D-tryptophan pi esents an interesting problem It is possible 
that the acetyl group is laige enough to produce a steiic effect between the 
enzyme and substrate, thus preventing the formation of an enzyme-sub- 
strate complex 

The data obtamed from analyses of the blood and gut filtiates of rats 
fed acetyl-DL-tryptophan demonstiate that the d enantiomorph does not 
mhibit the absoiption of the l isomer by competmg for a favored position 
on the enzyme molecule Conversely, the presence of acetyl-L-tryptophan 
m the racemic mixtuie does not enhance the absorption of the acetyl-D 
isomei The low blood level and lapid disappeaiance of acetyltiyptophan 
from the blood of the rats fed the racemic rmxture support the idea that 
very httle acetyl-D isomer is absorbed Thus, the increase m the total 
amount of acetyl-DL-tiyptophan absorbed is mostly due to the absorption 
of only the l moiety When the gut filtrates weie extracted with ethei 
toiemove acetyltryptophan, the extiacts weie evapoiated to diyness, and 
the residue was taken up m 0 01 n NaOH, a negative polarimeter reading 
resulted Control animals gave a 0 leading This substantiates the idea 
that a large part of the acetylated l isomer had been piefeientially ab- 
sorbed, leaving acetyl-D-tryptophan m the gut 

Up to the 8 hour interval the rates at which each of the isomers m the 
racenuc mixture wms absorbed corresponded to those found uhen each 


isomer was admimstered separately At the 8 hour interval a greater 
amount of acetyl-DL-tiyptophan had disappeared from the gut than could 
he accounted for on this basis, and the L-tryptophan level m both blood 
and gut filtrates increased at this time mterval, as demonstiated by L 
plantariini In eaihei woik (4) it ivas found that acetyl-D-tiyptophan uas 
not hydiolyzed by carboxypeptidase Deacetylation of acet3d-DL-tr3’'pto- 
P lan began after only 4 hours incubation mth carboxypeptidase, and the 
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rate of bj^drolysis increased on prolonged incubation The aboi e endencc 
suggests that the decrease in the amount of acetylated lacenuc mivtun 
remainmg in the gut can be attributed to the deacetylation of the acot\li. 
isomer to form free 3>tryptophan which is then lapidly absorbed U ^ 
unlikely that the fiee foim lemams m the gut long enough to enhance the 
absorption of the acetylated n enantiomorph 
T^Tien the dosage of acetyl-nn-tryptophan was reduced to 0 5 mino’e 
(123 mg ), 67 per cent of the compound was absorbed Apparenth tk 
enzymes concerned with the absorption of the acetylated analogues 
easily overwhelmed b}'- large doses of the compounds Feeding theciai 
pounds with a complete diet or reducing the amounts administered diianif 
an evpeiiment may alter considerably the rate of absorption and utilrntm 
of the individual isomers 


SUMMARY 

Fasted rats w'ere fed free or acetyltryptophan The disappearancefroiE 
the gastrointestmal tract and the concentrations m the blood were fo' 
low ed foi 10 hours Free L-tryptophan was absorbed and utihzed 
rapidly and acetyl-n-tryptophan the least rapidly Differences amoB: 
the various isomers aie discussed 
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THE ENZYMATIC TRANSFER OF HYDROGEN 


VI THE REACTION CATALYZED BY d-GLYCERALDEHYDE-3- 
PHOSPHATE DEHYDROGENASE* 

By frank a LOEVVUS.t H RICHARD LEVY, and BIRGIT VENNESLAND 
{From the Dcpmiment of Btochcrnishij, University of Chicago, Chicago, Illinois) 

(Received for publication, May 3, 1956) 

The previous papei of this senes (1) piesented evidence that the leaction 
catalyzed by glucose dehydiogenase involves a direct transfer of hydrogen 
between glucose and the /3 side of the 4 (y or para) position of the nicotina- 
mide ring of DPN ^ The piesent papei presents evidence that n-glycer- 
aIdehyde-3-pliosphate dehydiogenase also causes dnect transfer of hydro- 
gen between the tiiose phosphate and DPN Fuithermore, the steric 
specificity of the leaction foi DPN is jS, just as it is for glucose dehydrogen- 
ase 


Matenals 

Crystalhne tiiosephosphate dehydiogenase was prepaied from Fleisch- 
mann’s bakers’ yeast by the method of Kunitz and McDonald (2) as modi- 
fied by ICrebs et aZ (3) The pi oduct was recrystalhzed twice, washed with 
50 per cent (NH 4 ) 2 S 04 , and stored under (NH4)2S04 solution at 3-5° 
Crystalhne aldolase (4) and muscle triosephosphate dehydrogenase were 
prepared fiom rabbit muscle according to Con et al (5) Aldolase was 
recrystalhzed once and the dehydiogenase was reciystallized three times 
Both preparations w'^eie stored under (NH 4 )zS 04 solution at 3-5° A 
sample of muscle triosephosphate dehydrogenase obtained from the Nu- 
tritional Biochemicals Corporation was also employed The triosephos- 

* This investigation was supported in part by research grants from the National 
Institutes of Health, United States Public Health Service (No G3222), by the Na- 
tional Science Foundation, and by the Dr Wallace C and Clara A Abbott Memorial 
Fund of the University of Chicago Part of this material is taken from a thesis sub- 
mitted by H Richard Levy in partial fulBlment of the requirement for the degree of 
Doctor of Philosophy 

t Present address. Western Utilization Research Branch, United States Depart- 
ment of Agriculture, Albany 10, California 

'DPN represents diphosphopj ridine nucleotide, DPN"'', oxidized DPN, specifi- 
callj , and DPNH, reduced DPN The abbreviation DPND is used to represent 
reduced diphosphopyridine nucleotide containing D in the reduced or para position 
of the nicotinamide ring «-DPND is used to represent the stereoisomer of DPND 
obtained by reduction of DPN"* vuth ethanol-1,1 -dz in the presence of yeast alcohol 
o^jdrogenase ^S-DPND then represents the other diastereoisomer of DPND, 
D, fructose 1,6 diphosphate, Tris, tris(hjdro\ymethjl)aminomethane 
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phate dehydrogenase was assayed accoiding to Krebs et al ( 3 ), and al 
dolase was assayed according to Warburg and Christian ( 6 ) and Tajlot 
d al (4) 

For the experiments cairied out in D 2 O, a solution of FDP vas pre 
pared as follows 850 mg of the Ca salt of FDP (Schwarz) were dissolved 
m 2 ml of D 2 O To this were added 0 2 ml of 6 n H 2 SO 4 made in DjO and 
370 mg of K2C2O4 H2O m 1 0 ml of DoQ The precipitate was centnfuged 
resuspended in 1 ml of D 2 O, and centrifuged again The first and second 
supernatant solutions were combmed 

A solution of DL-glyceraldehyde-S-phosphate was also specially prejured 
for the experiments carried out in D 2 O 70 mg of the Ca salt (Contoid 
Laboratories) were suspended in 1 5 ml of D 2 O and the pH was adjusted 
to 2 by the addition of 0 06 ml of 6 n H2SO4 which had been prepared 
from concentrated H2SO4 by dilution in D2O To this wms added 03 nil 
of a solution prepared by dissolving 184 mg of K2C2O4 H2O in 1 ml of 
D 2 O The precipitate was centnfuged, resuspended in 1 ml of DjO, and 
centrifuged again The supernatant solutions were combined and the pH 
was adjusted to 8 by the addition of 50 mg of K2CO3 

Twm samples of mcotinamide-4-d-DPN+ were used One of these vfc 
the same as that previously described ( 1 ) It had been prepared bj’ for 
matron and dissociation of the DPN+-cyamde complex in D 2 O (7), mthout 
the addition of alkali, and contained 0 136 atom of D at the 4 position of 
the mcotinannde ring Another sample of mcotinamide- 4 -d-DPN‘*' was 
prepared according to San Pietio (7) by adding 5 ml of 0 13 m KOH watlo 
with D 2 O to a solution contaimng 1 gm of DPN+ and 975 mg of KGhu 
10 mg of D 2 O The solution urns allowed to stand at room temperah^ 
for 1 houi and 40 minutes The cyamde complex was dissociated byth 
addition of KH 2 PO 4 and the removal of HCN as described by San Pidit*/ 
and the DPN+ was isolated by acetone precipitation and then purified b 
adsorption on and elution from a Dowex foimate column ( 8 ) The DPh 
was recovered from the eluate by lyophihzation and repunfied on a Dowel 
column prepared according to Hurlbert et al (9) The mcotinamide ob 
tamed from this DPN+ by treatment of a sample ivith DPNase contains 
0 477 atom of D pei molecule All other materials have been previou'' 
desenbed ( 1 ) 


RESULTS AND DISCUSSION 

In a number of prehminary experiments, attempts were made to isobh 
DPNH by acetone precipitation after reduction of DPN+ by the 
phosphate dehydrogenase system in a medium of D 2 O The results 0 
experiments indicated that the enzyme probably caused a ^ 
of hydrogen, since httle non-exchangeable D was found in the Dbi 1 
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the yields of DPNH obtained were so small and the purity of the pioduct 
was so low that tins piocedure was finally abandoned 
In another set of expeiiments, DPN was i educed by the triose phosphate 
system in a medium of D 2 O, and the reduced DPN was reoxidized by pyru- 
vate m the presence of added lactic dehydrogenase, without prior removal 
of the D 2 O It was hoped that the enohzation of pyruvate would not be 
sufficiently rapid to introduce much D into the lactate, but this hope was 
not reahzed Analysis of lactate foimed in this way gave 0 5 or more 
atom of D pei molecule The results of the final set of experiments showed 
that most of this D was pi obably introduced into lactate by prior enoliza- 
tion of the pyruvate Appaiently something in the triosephosphate dehy- 
drogenase reaction mixtuie catalyzed this enohzation, smce pyruvate was 
previously shown not to enohze extensively m the lactic dehydrogenase re- 
action mixture (10) 

The procedure finally adopted for studying the triosephosphate dehy- 
drogenase reaction was similar to that previously employed m the study of 
hydrogen transfer and steric specificity with glucose dehydrogenase (1) 
Two t 3 Tpes of experiments were performed, one designed to determine 
whether direct hydrogen transfer was involved and the other designed to 
determine the steric specificity of the reaction for DPN In these two 
binds of experiments, the deuterium label was employed differently, but 
the reaction sequence, shown m Equations 1 to 3, was the same 

D Glyceraldehyde-3-phosphate + DPN+ — 

D-3-phosphoglycerate -f DPNH 

Pyruvate + DPNH -f H+ lactate + DPN+ (2) 

DPN+ — > niootmainide + adenosine diphosphate-nbose (3) 

In one set of experiments, DPN+ was reduced by triose phosphate m the 
presence of enzyme and arsenate in a medium of D 2 O (Equation 1) When 
the reaction was almost complete, the enzyme was heat-inactivated, and 
the D 2 O was removed by lyophihzation The question was whether the 
DPNH had acqmred non-exchangeable D from the medium during the re- 
duction This was determmed as previously described (1) by reoxidizmg 
the DPNH enz5rmatically with pyruvate (Equation 2) and hydrolyzmg the 
DPN+ thus formed with DPNase (Equation 3) The lactate and the 
wcotinaimde formed m these reactions were isolated and analyzed for D 
The lactate will contain any D introduced into the a-para position of the 
nicotinamide ring of DPNH, and the mcotmamide wiU contain any D 
introduced mto the /3-para position (or any other non-exchangeable posi- 
tion of the mcotmamide) 
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The results of a set of three experiments aie given in Table I Expen 
ments 1 and 2 vere both earned out with yeast tnosephosphate dcli3dro 
genase and were similar except that m Expeiiment 1 the u-glyceraldehj’dc- 
3 -phosphate was generated from fructose-1 ,6-diphosphate by the action o[ 


Table I 

Demonstration of Direct Transfer of Hydrogen 



Deh> drogenase 
source 

Lactate* 

Nicotinamide 

Experiment 

No 

Atom per 
cent excess 

D found 

Dilution 

factor 

Atom D per 
molecule 

Atom per 
cent excess 
D found j 

Dilution 

factor 

Va5 

pcrc V' 

1 

Yeast 

0 058 

19 1 

mm 

IB 

n 

m 

2 

(( 

0 021 



Bln 

bH 


3 

Muscle 

1 

0 015 

[ 23 6 

■B 

0 031 

30 3 

m 


Experiment 1 — To 5 ml of D 2 O were added, m the order given, 15 mg of KH AsOt 
20 mg of cysteine hydrochloride, 600 mg of Tris, 0 1 ml of concentrated HCl,60mg 
of DPN+ of 85 per cent purity, and 0 8 ml of the solution of FDP in D 0 (see unde. 
"Materials”) The volume was adjusted to 9 8 ml and the pH was 8 5 To tin 
were added 0 1 ml of a suspension containing 8 mg of yeast tnosephosphate debi 
drogenase and 0 07 ml of a suspension containing 2 7 mg of aldolase The reaction 
vas followed bv measuring DPNH spectrophotometncally at 340 my mth suitable 
dilutions of small aliquots of the reaction mixture At 25 minutes after ensj me addi 
tion, when no further reduction of DPN was occurring, the reaction flask as placed 
in a boiling water bath for 1 5 minutes to inactivate the enzymes and then cooled 
rapidly The protein precipitate was removed by centrifugation Enzymatic a' i' 
with acetaldehyde and alcohol dehydrogenase showed that 64 /imoles of DPNH w’ 
present The solution was lyophihzed to remove the DjO The residue nast 
solved in 3 ml of H 2 O and relyophilized, then the solids were taken up in 9 0 nl f' 
H 2 O, and the pH was adjusted to 7 2 wuth 5 n HCl Enzjunatic assay showed iW 
57 jimoles of DPNH were present The DPNH was reoxidized with an equivaled 
amount of sodium pyruvate in the presence of added lactic dehydrogenase, theea 
zyme was heat-inactivated, 100 mg of lithium L-lactate were added, and the pH n 
adjusted to 2 with n H 2 SO 4 The lactic acid w as extracted with ether and convcrlea 
to phenacyl lactate which ivas analyzed for D, all as previously described (1) Ttc 
aqueous residue from the ether extraction was adjusted to pH 8 mth 1 n Na0H,aa 
theDPN+ was separated by adsorption on and elution from a Dow ex formate coluo’ 
(8) The eluate containing the DPN+ was lyophihzed, the residue was dissolve 1 ” 
w'ater, and an aliquot containing 23 0 jimoles of DPN+ w as hydrolyzed by the fl ' 
tion of DPNase as previously described (1) When the hydrolysis w as complete, 
mg of nicotinamide were added as a diluent and the nicotinamide w as separi e 
benzene extraction and analyzed for D (1) . I 

Experiments 2 and 3 — ^Though the quantities of reagents used differed jj., 
the procedure used was the same as that of Experiment 1, except that 2 5 m 0 
solution of glyceraldehyde-3-phosphate in D 2 O (see under "Materials”) 
instead of FDP, aldolase was omitted, and in Experiment 3 muscle debi 
was used instead of yeast enzyme The dilutions, which were different m 
ous experiments, are indicated 
* Analyzed as phenacyl lactate 
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aldolase, and m Experiment 2 DL-glyceraldeliyde-3-pliospliate was added 
duectly Expenment 3 was similai to Experiment 2 except that muscle 
dehj'^diogenase was used instead of the yeast enz 3 ane 
The results of Table I show that 80 to 90 pei cent of the extra H in the 
reduced DPN must have been derived from the tiiose phosphate The 
reaction catalyzed bj’’ both muscle and yeast triosephosphate dehydro- 
genase obviously pioceeds largely vuth direct transfer of hydrogen How- 
ever, the amount of D winch was deiived from the medium was larger in 
these experiments than in the case of any of the previous enz 3 rme reactions 


Table II 

Slenc Specificity for DPN 


Experi 

ment 

No 

DeHydro 

genase 

source 



Lactate* 1 

1 


Nicotinamide 


Atom 
percent 
excess D 
found 

Dilution 

factor 

Atom D 

D in lactate X 100 

1 

Atom 
per cent 
excess 
D found 

Dilution 

factor 

Atom 
D per 
mole- 
cule 

Atom D 
per mole- 
cule (cor- 
rected)t 

per 

molecule 

D in nicotinamide- 
4-d-DPN+ 

1 

Yeast 

■ 

20 6 

0 126 

per cent 

93 

0 0195 

12 25 

0 014 

0 00 

2 

Muscle 


39 7 

0 472 

99 

0 047 

20 6 

0 058 

0 00 

3 

1 


40 6 

0 473 

99 

[0 034 

32 7 

0 067 

0 016 


The procedure used for these experiments was essentially the same as that de- 
scribed for Expenment 1 of Table I, except that the reaction mixture was made up 
m HiO instead of DjO and the lyophilization to remove D 2 O was omitted The 
jeast triosephosphate dehydrogenase used in Experiment 1 was the same as that em- 
ployed in the experiments of Table I A commercial preparation of muscle triose- 
phosphate dehydrogenase was used in Experiments 2 and 3 
* Analyzed as phenacyl lactate 

t Corrected for amount of DPN+ found by enzymatic analysis to be left in solu- 
tion after termination of the reduction of DPN by triosephosphate dehydrogenase 

examined It is of interest to inquire whether the D enters the DPN 
directly from the medium, or whether it first becomes incorporated into 
the triose, to be subsequently transferred to the DPN To answer this 
question it is necessary to know the steric specificity of the dehydrogenase- 
catalyzed hydrogen transfer to DPN This was determined in a second 
set of experiments, m which DEN"*" contaimng D in the 4 position of the 
lucotmamide iing (mcotinamide-4-d-DPN"*') was reduced by triose phos- 
phate in a medium of H 2 O The remainder of the reaction sequence was 
identical with that of the first set of experiments, lactate and mcotinamide 
irere agam isolated and analyzed for D 
The results of the second set of experiments are given in Table II In 
^■ll of these experiments, triose phosphate was generated from FDP by the 
notion of aldolase Experiment 1 was carried out with 3 ’'east dehydro- 
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gcnase Experiments 2 and 3 were carried out ■with the enzynie prepared 
from muscle The mcotmanude-4-d-DPN-^ used in Expeiiment 1 con 
tamed 0 136 atom of D pei molecule, the mcotinamide-4-d-DPN-»- used m 
Experiments 2 and 3 contamed 0 477 atom of D per molecule 

The results given in Table II show that in each case the enzymatic re 
duction of nicotmamide-4-d-DPN+ by triose phosphate resulted in the for 
mation of a DPND -u'hich transfeiied all of its D to lactate on enzyniatu 
reoxidation by pyruvate The reduced DPN must therefore have beer 
a-DPND, and this could only have been foimed by the tiansfer of H from 
triose to the ^ side of the mcotinamide ring of DPN 

The sigmficance of the lesults given in Table I may now be reaa&.'ed 
The results of the second set of experiments indicate that any D transfentd 
to DPN from tiiose must be left in the mcotmaimde The amount of D 
found m the nicotinamide was 0 06 atom per molecule in each expenment, 
whether glyceraldehyde'3-phosphate was added as such or generated from 
FDP 

Clearly, the aldolase reaction does not lead to incorporation in the triose 
of anj'' D which may be transferred to DPN The most likely source of 
entiy of D in the mcotinamide is probably not the triose, but the exchange 
xvhich occurs when DPN+ is heated in D 2 O There is always a little DPl^' 
left at the end of the reduction (Equation 1), and this DPN+ may acquire 
D from the medium xvhen the enzyme is heat-inactivated Such D would 
probably be in the 2 position of the nicotinamide This inference is ba'cd 
on the demonstration by San Pietro (11) that D is incorporated intopou 
tion 2 of the mcotinamide ring of DPN"^ on exposure to alkaline pHn 
D 2 O Dr Sidney P Coloxvick has also mformed us that a similar incf 
poration of D occurs when DPN'^' is heated in D 2 O at neutral pH Fiiiaif 
the amount of DPN+ in solution at the time of heat inactivation is £u6 


cient to explain the entrance of D into mcotmaimde by this route 
The presence of D m the lactate in the first set of experiments cannot be 
so readily explained The fact that this amount varied from 0 04 to 0 b 


atom of D per molecule may be taken as an indication that the incorpora 
tion of D into the a position of DPNH is not a necessary part of the oxida 
tion-reduction reaction The two dehydrogenases appear to differ m th^ 
amount of D introduced, the yeast enzyme giving an average exchange 0 
10 per cent m the first set of experiments, which agrees xTry well wnt 1 
amount of D lost in the yeast enzyme experiment of Table 11 Tlie e'' 
change with the muscle enzyme is only about 4 per cent in the expennien 
in D 2 O, and the data of Table II are not sufficiently accurate to^excu 
such a possible loss in the experiments xAuth nicotmamide-4-d-DI’^ 

An experiment was performed to see -nffiether the yeast enzyme 
cause an exchange of D into DPN"^ in the absence of substrate 1 ® 
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ditions weie the same as those foi the othei expeiiments except that no 
tuose 01 FDP was added but 24 mg of dehydiogenase weie used and the 
incubation time was 2 houis, ^ e six times longei than the average mcuba- 
tion time of the experiments of Tables I and II The enzyme was inac- 
tivated by the adjustment of the pH to 2 and the DPN+ was isolated by 
acetone piecipitation and analyzed foi non-exchangeable D The 0 03 
atom pel molecule found is quite insufficient (in view of the laige amount 
of enzyme and the long incubation time) to account foi the D introduced 
into lactate m the expeiiments of Table I The final alternative is that 
the dehydiogenase causes an exchange of D into the a-para position of 
DPNH It IS felt that the data suggest this possibihty, though they do 
not piove it Fuithei expeiimental investigation of this possibihty is 
complicated b}'^ the fact that tiiosephosphate dehydrogenase causes the 
conversion of DPNH to DPNH-X (12, 13) Though the rate of DPNH-X 
formation is much slowei than the oxidation-reduction leaction, the quan- 
tities of enz 3 Tne used m the piesent experiments were large enough to cause 
a measurable conveision of tins soit 

In conclusion, it is worth noting that both of the DPN-hnked aldehyde 
dehydrogenases tested to date have shown j3 specificity foi DPN, whereas 
four out of five alcohol dehydrogenases have shown a specificity The 
alcohol dehydiogenases tested include yeast alcohol dehydrogenase (14), 
lactic dehydiogenase (15), malic dehydrogenase (10), and D-glyceric acid 
dehydiogenase,^ all of which show a specificity, and /3-hydroxysteroid de- 
hydrogenase which shows (3 specificity (16) Were it not foi the results 
vath the /3-hydioxysteioid dehydrogenase, one might be tempted to gen- 
eralize that alcohol dehydiogenases show a specificity, whereas aldehyde 
dehydrogenases show specificity 

A possible sigmficance of the diffeient steric specificities observed may 
he m the fact that a coupled reaction between two DPN-hnked dehydro- 
genases might be favoied if the two enzymes have opposite steric speci- 
ficities foi DPN It IS of interest m this connection that Con et al (17) 
have found that DPN bound to tiiosephosphate dehydrogenase can be 
1 educed or oxidized by the lactic dehydrogenase leaction undei circum- 
stances such that the leaction had to be attributed to collisions between 
piotem molecules 

The geometry of the reduced mcotinaimde ring poses a numbei of mtei- 
esting questions The construction of Stuart and Brieghb models shows 
that the 2 hydiogen atoms in the 4 position aie not oriented in the same way 
mth 1 elation to the plane of the img 1 of the hydrogen atoms lies in the 
same plane as the hydrogen atoms which are attached to the othei carbon 

Unpublished experiments 
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atoms m the ring This may be called the equatorial position The other 
hydrogen atom protrudes almost at right angles from the img m lYhatnu; 
be called an axial position Howevei, both the a- and the i3-hjdro!rcn 
atoms may each occupy either an axial or an equatorial position, depend 
mg upon the direction in which the ring is “folded ” It seems reasonable 
to suppose that the enzyme places strict requirements on the confonna 
tion of the ring during the enzyme reaction, though it is not apparent ivhich 
conformation obtains in the case of any single enzyme 

SUMMARY 

Deutenum has been used as a tracer to show that the reaction catalyzed 
by D-glyceraldehyde-3-phosphate dehydrogenase from both muscle and 
yeast proceeds largely by way of direct transfer of hydrogen between sub- 
stiate and the /?-4 position of the mcotinamide ring of DPN 

Addendum — ^After this paper was submitted for publication, a paper of N 3 gaard 
and Rutter (18) appeared, with a confirmation and evtension of the findings of Con 
et al (17) Nygaard and Rutter studied the reactions of several dehydrogenases witk 
DPN bound to tnosephosphate dehydrogenase They concluded that their resull 
virtually eliminate the obligatory intermediation of free DPN in such reactions Of 
the four dehydrogenases studied by Nygaard and Rutter, two (t e lactic dehjdio- 
genase and yeast alcohol dehydrogenase) have also been examined with the aid of 
deuterium and have been shown to have a specificity for DPN (14, 15) This pro- 
vides additional evidence for the working hypothesis that coupling is facilitated be 
tween DPN-lmked dehydrogenases of opposite steric specificities If one assume 
that hydrogen is always transferred to and from an axial position on the p}ndic'’ 
nng, then the 0 -hydrogen should be axial when DPN is reduced by a dehydrogeai-’ 
reaction of 0 specificity (e g tnosephosphate dehydrogenase), whereas the a hid’- 
gen should be axial when the DPNH is oxidized by a dehydrogenase reaction tf» 
specificity A shift in conformation of the pyndine ring, not necessanly accon 
panied by complete dissociation of the molecule, may enable DPNH bound bj In 
osephosphate dehydrogenase to be oxidized by pyruvate in the presence of bclit 
dehydrogenase (or by acetaldehyde in the presence of alcohol dehydrogenase) 
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During the past 2 yeais succinic dehydiogenase has been isolated from 
animal tissues as a soluble, essentially homogeneous protein It has been 
shoivn to be a ferroflavopioteni iMth an unusually tightly bound flavm com- 
ponent, and evidence has been presented for the identity of the enz3mie 
with “fumaric hydrogenase” (1-5) The first paper in this series (6) re- 
ported methods for the assay of the primary dehydrogenase and for its 
extraction in soluble form from a vanety of ammal tissues and from micio- 
orgamsms The present paper deals with the purification of the dehydro- 
genase from beef heart mitochondria and surveys some of its salient cata- 
Ijdic properties and protein characteristics 

Materials and Methods 

Phenazme methosulfate was synthesized by a modification^ of the method 
of Dickens and Mcllwain (7) Antimycm A and BAL^ were the kind gifts 
of Dr Frank M Strong and Dr Henry A Lardy, respectively The cal- 
cium phosphate gel was an aged preparation (1 to 3 months old) (8), and 
all the other reagents were commercial preparations of high purity Glass- 
distiUed water was used throughout this work Double distilled water 
from commercial block tm-hned stills or reservoirs inactivated the enzyme 
rapidly and irreversibly, although it ivas found suitable for imtochondnal 
preparations after passage through Dowex 50 resm, H+ cycle 
Total and morgamc iron were estimated by an unpubhshed modification 
of the o-phenanthroline method (9), elaborated by Dr H Bemert of the 

* This investigation was supported by grants from the National Heart Institute, 
the National Institutes of Health, United States Public Health Service, and 
the American Heart Association, and by a contract between the Office of Naval Re- 
search, United States Navy, and the Edsel B Ford Institute for Medical Research, 
contract No NR 123-337 A preliminary report has appeared (1) 
t Established Investigator of the American Heart Association 
Mimeographed copies of the procedure are available upon request 
The following abbreviations are used BAL, 1,2-dithiopropanol, FMN, flavin 
mononucleotide, FAD, flavin adenine dinucleotide, Tris, tris(hydro\ymethyl)amino- 
uiethane 
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Institute foi Enzyme Research ^ Spectrographic analyses u ere performed 
by the Ameiican Spectiographic Laboratories, San Fiancisco, and Ijpojc 
acid u as kindly determined by Di W RazzellandDi I C Gunsalus For 
clectrophoietic analyses and diffusion constants, the Perkin-Elmcr model 
No 3S-A appal atus was employed Sedimentation velocity vas nieasurcti 
in a Specialized Instruments Corporation analytical ultiacentnfuge Tlie 
dehydrogenase ivas assayed as previously desciibed (6) 

1 imit of succimc dehydrogenase activity is defined as 1 c mm of O^up 
take pel nunute under standaid assay conditions, and specific actuihb 
defined as units per mg of protem Protein was determmed by the b'lird 
method (10) mth the follomng coefficients (optical density at 540 
light path, given by a solution of 1 mg of piotein per 3 ml of leactioniiK 
tme m the presence of 1 5 ml of biuret reagent) first (NH 4 ) 2 S 04 precipitaSe, 
0 095, gel eluate and all stages theieafter, 0 110 These factors neredc 
teimined on thoioughly dialyzed preparations of known diy iveight In 
particulate preparations and samples containing Tns buffer, protein na,- 
measured by dry iveight 


Results 

Isolation of Dehydrogenase 

The use of mitochondria instead of rvhole tissue for the isolation of th 
dehydrogenase offers the advantage of a highly concentrated source mate- 
iial, free from many interfering substances which w'ould be difficult to re- 
move from soluble enzyme pieparations Their use, however, alsoenlai 
at least two disadvantages First, the isolation of mitochondna in hr 
quantity and of constant composition is not a simple problem Secol 
the success of the fractionation of the soluble enzyme, aftei extinction froii 
mitochondrial material, depends pnmanly on the quahty of the nutoclioa 
diia Since the dehydrogenase occurs m a considerably higher stage of 
purity m mitochrondiial extracts than in those of whole tissues, nnnoner 
lations in the isolation of the particles may result in contamination 
particles whose proteins later inteifere wuth the fractionation of the 
drogenase in soluble extracts The procedure for the isolation of niiio- 
chondria has been modified from a large scale adaptation (H) the pro- 
cedure of Schneider (12) 

Preparation of Beef Heart Mitochondna — ^Fresh beef hearts from jouss 
prime grade cattle, quartered and chilled m ice at the slaughterhouseA'«| 
thoroughly freed fiom fat and connective tissue and passed through a w 
grmder (all operations at 3-5°) Lots of 400 gm were immediately b er> 
with 1200 ml of sucrose-phosphate (85 gm of sucrose and 1 85 gr” 



T P SINGER, E B KEARNEY, AND P BERNATH 


601 


K2HPO4 pel litei) 111 a special, high capacity bleiidor foi 45 seconds The 
blendoP was of the oveihead type, designed to fit a 7800 ml stainless steel 
beakei, equipped with a 02 hoisepowei, 18,000 rpm motor, a shaft 25 
cm long, anda tliiec-pionged blade which was kept extiemely sharp The 
pH was adjusted to 8 6 to 8 8 by the addition of 5 to 5 3 ml of 6 n KOH 
The homogenate was inmiediately centiifuged foi 10 minutes at 1800 rpm 
in the International Equipment Company lefrigerated centrifuge No SR-3 
by using the No 632 cups (1000 X g at the bottom of the tube, two and 
one-half blendings pel centrifugation) The supernatant fluid was de- 
canted through a double layei of cheese-cloth, care being taken not to dis- 
turb the sedimented nuclei, and, aftei dilution with 7 liters of 0 9 per cent 
KCl, the mitochondria were collected m the Sharpies centrifuge (50,000 
rpm, flow rate of 400 to 450 ml per minute) The Sharpies bowl was 
changed after the collection of mitochondiia from 2000 gm of rmnced 
heart The sedimented layer, after lesuspension by homogenization in a 
Waring blender in twice its volume of a solution contaimng 48 1 gm of su- 
crose, 6 6 gm of KCl, and 0 45 gm of anhydrous disodium succinate per 
liter, i\as frozen overnight 

Preparation of Acetone Powder — ^Treatment of the mitochondrial suspen- 
sion vnth tert-amyl alcohol m the cold extracts a certain amount of pro- 
tein matenal without bnnging succimc dehydrogenase into solution and 
thereby sunphfies the subsequent purification of the dehydrogenase ^ 

The thawed mitochondrial suspension was briefly blended at low speeds 
to assure even resuspension, and 0 111 times its volume of tert-amyl al- 
cohol was added After standing 1 hour at 0° with occasional stirring, for 
each hter of the mitochondrial suspension 10 ml of 0 5 m K2HPO4 were 
added, and the suspension was centrifuged for 15 minutes at 21,000 rpm 
(59,000 X g at the bottom of the tube) m the No 21 rotor of the Spmco 
model L ultracentnfuge The clear yellow supernatant solution v^as care- 
fully decanted and the residue from each five Spmco tubes was homogemzed 
in the Wanng blendor with 800 ml of acetone at — 10° The contents of 
two Warmg bowls were stirred with an additional 4 hters of acetone for 5 
minutes and then rapidly filtered by suction through a 31 cm Buchner 
funnel The moist filter cake wms washed wnth 500 ml of acetone, resus- 
pended in 500 ml of acetone, blended, and filtered again, and the filter 
Cake Copiously washed wnth ether Residual solvent wms removed by 
Spreading the filter cake on heavy paper m the cold room before a fan, and 
Was then dried in a high vacuum at room temperature for 30 minutes The 


^ Ths blendor was designed by Mr W Handrow of tbe Institute for Enzyme Re- 
search Blueprints are available from the authors upon request 

^ Treatment with tertiary amyl alcohol is an adaptation of a step in the procedure 
of Green el al (13) but serves a different purpose here 
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icsultmg light tan poi\dei weighed 40 to 60 gm pei 12 kilos of licart 
imnce 

Extrachon of Dehydi ogenase—The jneld of enzyme on extraction is j 
function of the efficiency of the blending and stining and vaiics from SO to 
100 pel cent 

A 2 pel cent suspension of the acetone powdei in 0 06 m Tiis buffer, pH 
8 9 (pH at room tempeiatuie), was ffist blended at 0° foi 45 seconds and 
then vigorously stiired for 30 nunutes The deal oi slightly opalescent 
yellowish solution obtained on centiifugation at oi above 4000 X g for’} 
imnutes contained the dehydiogenase m soluble form 

Ftrst Protamine and Precipitations — ^Treatment of the e'ftra('j 

with protanune lesults in considerable purification and m lemoval ofm 
purities which appeal to combme vnth the enzyme and to render it lughK 
labile ^^ffien used m excess, protamine precipitates the dehydrogena'c 
Foi best jneld and punt}'-, it is advisable to deteimme foi a given acetone 
poisdei the amount of piotanune which gives 60 to 70 per cent precipita 
tion of piotem, measured by hght absoiption at 280 mju, and not more tfiae 
20 to 35 per cent precipitation of the enzyme, the usual range being 4 5 to 
5 ml of 0 3 pel cent piotanune sulfate pei 100 ml of extiact 

The extiact obtained above was treated wth 4 5 ml of 0 3 per cent pro- 
tamine sulfate in 0 03 m phosphate, pH 7 6, and after being stirred for 10 
minutes, it was centrifuged at moderate speed to give a clear yellonih 
supernatant fluid, which contains most of the enzyme, and a heavy broira 
pellet The solution v as brought to 0 50 saturation with solid (NH4)*S0i 
stirred for 30 nunutes, and centiifuged foi 25 nunutes at 4000 X g 
precipitate containing 40 to 50 pei cent of the activity of the first extrjf 
was resuspended in a nunimal volume of 0 005 m phosphate, pH 7 6, if 
dialyzed foi 1 hour agamst a large volume of the same buffei and tlienk 
1 hour against 0 002 m phosphate, pH 7 6, in casings of I inch diameter 
The precipitated protein was removed by biief centiifugation at 18,000 X 
g, yielding a deep blown solution of the enzyme 

Second Protamine and {NH 4 ) 2 SOi Precipitations — After deteinunation o 
the protein content of the dialyzed enzyme by the biuiet method, the sob 
tion was diluted to a concentration of 5 mg per ml mth 0 06 m Tris buff^ 
pH 8 9, and stiiied with 5 5 ml of 0 3 pel cent piotanune sulfate per 1 
ml of enzyme for 10 minutes Any precipitate formed was remove ' 
brief centrifugation at 10,000 X g and the supernatant solution vvasbroug 
to 0 5 saturation with respect to (NH4)2S04 After 20 imnutes stirring 
25 nunutes centrifugation at 12,000 X g, the almost colorless superna an 
solution was discarded and the precipitate, which ledissolved readilj ) 
small amount of 0 005 M phosphate buffer, pH 7 6, was 
casmgs against a large volume of the same buffer for 2 hours and e 
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an additional 2 hoius against 0 002 m phosphate, pH 7 6 The cleai ambei 
solution M as kept fi ozeii ovei night Continuation of the dialysis ovei night 
resulted in slight loss of activity The ^neld of enzyme in this step vas 
70 to 80 pel cent 

Ticalmcni with Calcium Phoi>pliatc Gel — Aftci dilution of the solution to 
a piotein concentiation of 10 mg pei ml (biiuet method), it was stnied 
with 0 3 nig of calcium phosphate gel pei mg of piotein foi 15 minutes 
The gel was centiifuged and discaided and the supernatant solution, after 
ledeteiniination of its piotein content uith use of a biuiet coefficient of 
0 095, was cautiously adjusted to pH 5 2 with 0 5 m acetic acid and stiired 
with 1 1 mg of calcium phosphate gel pei mg of remaimng piotein The 
gel, containing ovei 90 pei cent of the lemaining enzyme, was centrifuged 
and then eluted tv ice b}'' homogenization and 15 minutes stnnng vuth 0 3 m 
phosphate, pH 7 6 The imlume of eluent, pei gm of pi otein at the begm- 
umg of this step, vas 50 ml in the fiist and 33 3 ml mthe second elution 
After brief ceiitiifugation, the iieaily colorless gel was discaided Yield 
of enzyme, about 60 to 70 pel cent 

Third {NHi) 2 SOi Pi ecipitaiion — The eluate was tieated dropwise with 
saturated, iieutial (NH 4 ) 2 S 04 solution to give 0 30 satuiation Aftei 20 
muiutes stilling and centiifugation, the piecipitate was discarded and the 
supernatant layei was brought to 0 46 satuiation by furthei addition of 
saturated (NH 4 ) 2 S 04 solution Aftei 25 minutes stnnng, the piecipitated 
enzjTne vas centiifuged at oi above 12,000 X g, ledissolved in a mimmal 
volume of 0 005 m phosphate-0 1 m NaCl buffei, pH 7 6, dialyzed at leastr 
2 hours against the same buffer, and then frozen Yield of enzyme, 50 to 
55 per cent 

UUracentnfugal Separation — In good preparations the enzyme was about 
70 per cent puie at this stage and was devoid of colored impurities The 
lemaining impuiity, which was almost entiiely a hght weight piotem com- 
ponent, could be lemoved by fi actional ultracentrifugation at the expense 
of some loss of enzyme The solution fiom the last step was adjusted to a 
protein concentration of 10 to 15 mg per ml (biuret factor = 0 110) and 
centrifuged m 3 ml tubes, fitted by means of special thin bottom Teflon 
nucroadapters into the No 40 rotoi of the Spinco model L ultracentiifuge, 
for 20 minutes at 144,000 X g (at the bottom of the tube) The cleai solu- 
tion was separated from the slight film of denatured piotein and the enzyme 
was recentrifuged m the same equipment foi 4 5 hours The colorless upper 
layer and the thin layer immediately over the pellet were removed and 
United, and the pellet ivas redissolved in an}'’ convenient buffer In gen- 
eral, the ratio of enzyme in pellet and supernatant fluid was about 4 1 

Table I summarizes the purification procedure, based on 60 gm of ace- 
tone powder This amount of starting material contains 250,000 to 300,000 
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milts of enz}mie, but a deviation of 10 to 15 per cent in jaeld and specific 
activitv fiom the values given is not unusual Some mactnation frc 
quently oct lined duiing ultiacentiifugation since, although the total pro 
tern was satisfactonty lecovered in the pellet and the supernatant fluid 
some 20 to 30 pei cent of the activity could not be accounted for In sudi 
instances the activity observed in the final product was corrected for m 
activation by the factor (total protein iecovered)/(total activity recoieied 

in ultiacentrifugation) 


Table I 

Purification of Succtmc Dehydrogenase 


Step 

Total units 

Specific actniti' 

Acetone powder suspension 

280,000 

3 

Tris extract 

256,000 

10 

After 1st (NHilaSOi step 

134,000 

147 

“ 2nd 

92,600 

174 

Gel eluate 

64,800 

200 

After 3rd (NH 4 ):S 04 step 

35,100 

230 

“ differential ultracentnfugation 

27,200 

302t 


* Based on dry weight in the first two stages and on biuret coefficient ofOIlO 
thereafter 

t Corrected for inactivation during ultracentrifugation 


Electrophoresis, Sedtmentakon, and Molecular Weight 

In the pH lange of 7 0 to 7 9 in phosphate and Tris buffeis of loirn 
strength = 01, the enzyme migrated as a single boundary in the Tiselw 
apparatus (5) In preparations wuth a specific activity of 300, the fold 
impurity detected wms of the order of 4 to 7 pei cent At 0° in 0 1 m NaCl 
0 005 M phosphate, pH 7 1, the obsei ved mobility w'as 2 8 X 10~® cm ’ volf"' 
sec 

Exanunation® of several piepaiations in the analytical ultracentnlugf 
at protein concentrations from 1 to 1 5 per cent revealed the presence c 
a single sedimenting boundary (Fig 1) wnth an S 20 value of 6 5 S Ho® 
the latter figure and fiom a preliminary measurement of the diffusion con 
stant (D 20 = 4 2 X 10“^ cm ^ sec “'), a moleculai weight of 150,000 has bcc£ 
calculated This value is probably too low since the sedimentation ^ooc 
ity IS not corrected to zero protein concentiation and an estimated SF 
cent of impuiity of low' molecular w'eight w'as knowm to be present w 

® We are grateful to Dr D Basinsky of the Department of Loboraforic^) ^ 
Ford Hospital, for permission to use the Spinco analytical ultracentrifugc 
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sample used in the diffusion mcasuiement, both of which factors would 
tend to lowei the calculated moleculai weight 
The moleculai weight fiom light scattenng data is about 220,000, as 
kmdty deteinuned by Di Robeit Stemei The most accurate estimate of 
the molecular weight came fiom analyses of the non content of the dehy- 
diogenase Pieparations isolated fiom f^esh mitochondiial acetone 
powders weie found to contain 1 gm atom of Fe pei 49,000 gm of protein, 
whereas the dehydi ogenase isolated fiom aged acetone powders (cf below) 
contained 1 gm atom of Fe per 100,000 gm of piotein (Table II) The 



Tig 1 Sedimentation pattern of succinic dehydrogenase in the ultracentrifuge 
Protein concentration, 9 1 mg per ml , buffer, 0 1 m NaCl-0 005 ai phosphate, pH 7 6, 
temperature, 4 65°, speed, 59,771 r p m , bar angle, 45° Centrifugation ivas contin- 
ued until the sedimenting peak reached the bottom of the cell Each of the four expo- 
sures was spaced 16 minutes apart 


Table II 

Iron Content of Succtmc Dehydrogenase 



Iron content* 

Specific 
acti\ ity 

Fresh enzyme 

1 mole per 49,000 gm 

320-330 

Enzyme from aged acetone powder 

1 “ “ 105,000 gm 

110-115 


* Total iron or iron liberated by cold 5 per cent trichloioacetic acid 


minimal molecular weight is, then, 100,000, and the probable piovisional 
value of the moleculai weight is 200,000 As will be lepoited m a latei 
pubhcation®, this figure is also m fair agreement vuth the flavin content of 
the enzyme (1 mole per 200,000 gm of protein) Thus, the dehydrogenase 
isolated fiom fresh staitmg mateiial contains 4 atoms of Fe per mole of 
flavin, whereas from aged material an enzyme contaimng 2 atoms of Fe 
per mole of flavin may be isolated 

Stability 

In the foim of the imtochondrial acetone powdei, the enzyme has been 
preserved for peiiods of 3 to 8 months at -20° In the puiified form the 

' V Massey, T P Singer, and E B Kearney, to be published 
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enzyme is decidedly unstable The inactivation encountered on storage 
of highly purified piepaiations at —20° (10 to 20 per cent m 24 hours 20 
to 30 pel cent in 5 days) may be due, at least in pait, to a giaduallo=^of 
non With leagents prepaied m glass-distilled water, reversible — SH o\ 
idation appeals to play no significant part in the inactivation encountered 
during purification or on storage, since Versene and glutathione failed to 
protect the enz 3 '-me 

Turnover Number 

The specific activity of the best preparations (310 at pH 7 6, 38°, OO-’ii 
succinate) corresponds to a Qo^ of 18,000 When corrected to maxmil 
substrate concentration (Fmax), the Qo„ is 20,000 With a molecuk 
weight of 200,000, this is equivalent to 3000 moles of succinate oudaccl 
per mole of enzyme per imnute, a value comparable to the turnover num 
ber of other flavoproteins The concentration of phenazme methosulfate 
used here (2 to 3 mg per 3 ml of reaction mixture) gives apparent sat 
uration with respect to the dye, since higher concentrations are somewhat 
inhibitoiy The true Fmax, calculated by the double reciprocal method, is 
some 12 to 15 per cent higher m fresh preparations of the enzyme Consid 
eration of this additional correction gives a Q 02 of 23,500 and a tumoicr 
number of 3530 It may be further calculated that the acetone powder 
used as starting material for the isolation of the soluble enzyme contains 
about 1 gm of succinic dehydrogenase per 60 gm 

Iron Content 

The total iron content of the dehydrogenase (Table II) is hberated 
inorganic iron by boihng or by denaturation of the enzyme with tnchloie- 
acetic acid No hemin iron was detected in the pieparation at any stage 
Comparison of the color obtained in the o-phenanthroline reaction (9) m 
the presence and absence of reducing agents showed that the iron is present 
in the enzyme entirely in the ferrous form 

Since the acid-labile iron follows the activity closely through most of ttc 
purification and since the ratio of specific activity to iron is constant in f c 
two types of preparation (4-Fe and 2-Fe type. Table II) vith either phena 
zine methosulfate or ferricyanide as terminal electron acceptors, it appn^^ 
that both of these oxidants accept electrons at the level of the iron an no 
at the level of the flavin The 4-Fe and 2-Fe enzymes behaved 
in most cases, ^ e behavior in the fractionation procedure, mo ec 
weight, electrophoretic mobility, pH optimum, and phosphate 
etc , but differed from each other in the following respects o 
enzyme is more sensitive to inhibition by substances wbch che “ 
iron than its 2-Fe counterpart, and part of its iron content appears 
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more oi less leadily lost, those obseivations will be reported in Paper III 
of this senes The two types of piepaiations also show different absorption 
spectra (Fig 2) It is noteworthy that at wave lengths above 500 myu. 



WAVELENGTH 

Fig 2 Comparison of the spectra of the 4-Fe (A) and 2-Fe (B) enzymes at a pro- 
tein concentration of 10 9 y per ml and pH 7 6 
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Fig 3 Difference spectrum of the enzyme after reduction by succinate and the 
inhibition of the process by malonate 2-Fe enz 3 Tne, 4 mg per ml , at pH 7 6 Suc- 
cinate and malonate concentrations, 1 25 X 10“* M Succinate alone bleached 18 per 
cent of the color at 460 mjn O, after succinate, •, after succinate plus malonate 



where the contribution of flavin to the color is negligible and where the ii on 
components of other ferroflavoproteins absorb light (14), the ratio of the 
^lors of the two preparations agrees mth the ratio of their iron content 
iirther, at 450 mp, at the flavin maximum, the greater part of the color 
IS still due to iron and not to flavin As shown in Fig 3, succinate causes 
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color IS bleached succinate and 63 per cent by hydrosulhte ilalonate 
competitively inlnbits the bleaching by succinate 

Effect of pH 

The pH-activity lelations of the enzyme aie shown in Fig 4 As pre 
Yiously noted (15), the activity in phosphate bnffeis is considerably liigtc: 
than m Tiis, imidazole, histidine, or glycylglycme buffeis, arsenate dop; 
not leplace phosphate but inhibits the stimulatory effect of phosphate 
The enzyme used in the experiments summaiized m Fig 4 contained appa- 
ciable phosphate since it had been dialyzed against 0 005 m phosphate and 
because, uiidei these conditions, the dehydrogenase binds a considetah't 



pH 

Fig 4 pH -activity curve of succimc dehydrogenase Standard assay condition', 
except for buffer, as noted Each vessel contained 0 06 mg of enzyme (third 
(NH 4 ) 2 S 04 precipitate) and 150 /xmoles of buffer as follows O, phosphate, •, inu 
dazole, A, Tris The pH values marked on the abscissa were measured nt 3'' 
in the complete reaction mixture 


amount of moigamc phosphate The stimulate! y effect of added phos 
phate IS nevei theless obvious, for concentrations of added phosphate a' 
high as 0 05 M aie lequired foi maximal stimulation In preparations i'(> 
lated m the absence of added phosphate, the stimulation is about 3 lol 
(15) It IS seen m Fig 4 that this effect cannot be explained as a shift » 
the pH optimum No leqiurement foi added cations has been obsenei 

Effect of Stibstrate Concentration 

At pH 7 6, 38°, with phenazine methosulfate as acceptor, the Kv> of 
cimc dehydiogenase of beef heart for succinate is 1 3 X 10“* 
ment with data in the literature (16) foi lat hvei succinic 
pH and tempeiatuie, and with values obtained by the authors foi 
Haitree piepaiations of succimc oxidase fiom heart (38°, pH 7 6, 
terminal acceptor) At 21°, the /C„, of the purified soluble dehydroge 
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in the piesence of phciiazine inethosulfate is 5 2 X 10~^ m, m agreement 
mth the data of Slatei and Boniiei (4 8 X 10“^ m (17)) and Thom (5 1 X 
10“^ (18)) obtained at 20-25° AMth feiiicjmmde as acceptor Lower 
values in the liteiatuie {eg 1 8 X 10“^ m (13), tempeiatuie and electron 
acceptor not stated) may be due to the use of electron acceptors Avhich do 
not pel nut the functioning of the dehydiogenase at full capacity The 
Km for succinate is lemarkably constant in succinic dehydrogenase from 
vaiious sources in the piesence of acceptors Avhich leact Avith the primary 
dehydiogenase Thus, the values of the soluble dehydiogenase from 
Proteus vulgaris (6) and fiom bakeis’ yeasf^ are 1 3 X 10“^ M and 1 05 X 
10'^ M at pH 7 6 , 38°, aa ith phenazme inethosulfate as acceptor 

At pH 7 6 and 38°, the competitiAm inhibition of the beef heart enzyme by 
malonate, expiessed as the latio Km Kt, is about 30, at 21° the latio is about 
21 The values of tins ratio ni the hteiatuie range fiom 3 to about 60 (see 
Thorn (18)), depending upon the temperatnie, type of prepaiation, and 
electron acceptoi used, as fully discussed elseAAdieie (18) The loAvest ratios 
reported by Thom aie extrapolated Amlues, based on the use of methylene 
blue as an acceptoi , Avhicli introduces a factor of uncertainty in the calcu- 
lations, since methylene blue cannot react dnectly Avith the dehydrogenase 
(6, 17) Unlike the K„, Km Ki foi malonate apparently varies Avith the 
source of dehydrogenase, since in this laboiatory a value of 93 Avas ob- 
served^ for the yeast enzyme at 38°, in satisfactory agieement with the 
prehimnaiy data of Krebs et al (19) The Km K^ for fumaiate at 38° is 
0 68 in the case of the beef lieait enzyme Oxalacetate is a potent com- 
petitive inhibitor, as m mitochondrial preparations, but the inhibition has 
not yet been quantitatively characterized 

Effect of Inhibitors 

In agreement Ainth observations on the particulate enzyme (20, 21), the 
dehjrdrogenase is unaffected by treatment Awth cyamde (5 X 10~® ji), 
antimycin A (5 7 per ml ), or BAL (lO-^* m, followed by dia^'-sis to remove 
excess thiol), all of which substances are thought to inactivate the succm- 
oxidase system above the level of the dehydrogenase At the concentration 
used in the standard assay system (2 4 X 10“^ m), phenazme methosulfate 
inactivates the enzyme 90 per cent oi more if added to the enzyme piior 
to the substrate, probably by oxidation of the — SH groups, previous 
addition of succinate prevents this effect ( 6 ) In further agreement AAuth 
the behaAuor of particulate preparations, the enzyme is exceedingl}’^ sensi- 
tive to sulfhydryl reagents, paiticularly of the mercaptide-foimmg group 
(Table III) Even m a relatively ciude preparation such as represented 

' T P Singer, N Zastrow, V Massey, and E B Kearney, to be published 
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m Table III, 1 X 10“® m p-chloiomercuiibenzoate gave 90 per cent 
inhibition in the piesence of 150 y of enzyme, in more puiified pieparatioib 
the sensitivity to this leagent increased fuithei As in paiticulate prepa 
lations (22), previous addition of succinate protected the dehydrogenaq; 
considerably from the effect of — SH inhibitois (Table III) Cyanide, at a 
concentration of 1 X 10~® m, reversed the inhibition by p-chloromercun 
benzoate completely, as did treatment vith 10~® m glutathione, followed bi 
biief dialysis to remove the unchanged thiol The ready reactn ation of 
the enzjTOatically inactive p-chloiomercuribenzoate compound of the No- 


table III 

Effect of — SH Inhibitors on Succinic Dehydrogenase 


Experiment 

No 

1 Treatment 

Inhibits 

1 

p-Chloromercunbenzoate, 1 X 10~^ M 

fer ti'i 

91 

2 

Same as Experiment 1, but succinate added before inhibitor 

33 

3 

p-Chloromercunbenzoate, 1 X 10~® M, followed b}' 3 5 hrs 


4 

dialysis 

Same as Experiment 3, but 1 X 10~® m HCN in assay 


5 

“ “ “ 3, “ 3 X 10~® " glutathione added be 

B| 

<3 

foie dialysis 

o-Iodosobenzoate, 2 X 10~^ m 


7 

lodoacetamide, 1 X 10~® M 

71 


Conditions Enzyme, 150 y at first (NH^lsSO^ stage Standard assay condition' 
except that, in Experiments 1 to 3 and 5 to 7, 1 X 10"^ m 8-hj'droxyquinoline was u d 
to overcome the effect of H 2 O 2 produced in the reaction in the place of HCN 
In Experiment 5, 10 minutes contact was allowed between enz 3 'nie and mercunal 
derivative prior to addition of the thiol 

hydiogenase by the HCN piesent in the standard assaj'- nuxtuie permitf«l 
the fractionation of the enzyme thioughout the procedure outlined above a 
the meicuiial deiivative It could be shown by this means that thewer 
cuiial deuvative and the active enzyme could be punfied by the same 
pioceduie, with no apparent diffeiences m solubility and stability beti'ce" 
the two The inhibition of the dehydrogenase by iron-chelating substance- 
wall be discussed in Paper III 

Reaction with Various Acceptors 

The relative efficiency of various electron acceptors is the same foH^^ 
2-Fe and 4-Fe enzymes at the highest stage of puiity as in 
preparations (6) With the turnover of succinate in the piesence 0 
phenazme methosulfate taken as 100, the rate vith ^ 

the presence of serum albuimn as a protective agent, 5 to 25 m ® 
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of albumin, all othei dj'^es tested and cytochiome c fail to act as election 
acceptois at a significant late (A veiy slow leaction with methylene blue 
has been obseivcd spoctiophotometiically by Di Massey in this Laboia- 
toiy, which may be a dnect leaction with the enzyme, unlike the rapid 
reaction obseived with paiticulate picpaiations ) Moleculai O 2 leacts 
slowly (l/5000(h the latc of phenazine methosulfate), accepting elections 
directly from the flavin (5) The high specificity of the dehj^drogenase for 
election acceptois vhen acting in the forward dnection is all the moie 
cuiious, since in the leveise reaction the leduced foims of riboflavin, FMN, 
FAD, and diethylsafianm all act efficiently as electron donors to fumarate 
In these instances the 1 eaction n ith the dyes occurs at the level of the flavin 
and not of the non, vheieas m the oxidation of succinate both phenazine 
methosulfate and feriicyamde accept electrons from the iron moiety 

DISCUSSION 

The denionstiation that the oxidation of succinate to fumarate is cata- 
Jj^zed by a single discrete piotein molecule, nhose catalytic action shows 
all the important featuies usually associated vith succinic dehydrogenase 
action, permits the identification of this piotem as succinic dehydrogenase 
The differences in the behavior of the Inghly puiified, soluble dehydro- 
genase and particulate pieparations aie the relativelj'^ high specificity of 
the former foi election acceptois, which is a consequence of the complete 
removal of the various electron transpoit components, and the activation 
of the soluble enzyme by phosphate, possible leasons foi which have been 
discussed elsewhere (15) It is evident from these considerations and from 
the data piesented m the preceding paper that preparations of the enzyme 
capable of oxidizing succinate efficiently with methylene blue, brilliant 
cresyl blue, teti azohum, or mdophenol dyes as acceptors must contain 
additional factors, possibly members of the original cytochrome chain, 
which catalyze the reaction between the primary dehydrogenase and these 
dyes 

The classical studies of Keihn and Haiti ee (23) led to the view that the 
succimc oxidase system, even m cell-free preparations, exists as an 01 - 
ganized respiratory system ivheiem succinic dehydrogenase and the various 
membeis of the cytochrome system are bound m a functional, organized 
umt This view received further support from the successful isolation of 
the succmic dehydrogenase-cytochrome system as a particulate entity by 
Gieen et al (13, 24) Subsequent to the authors’ report of the isolation 
of the soluble dehydrogenase (25), Gieen and covoikers explored the pos- 
sibilities of alternative procedures for the isolation of the dehydrogenase 
These included treatment of their particulate preparations nith trypsin m 
the presence of bile salts and alkaline degradation thereof (24, 26, 27) 
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The various preparations thus obtained were reported to contain saccmic 
deh 3 ’’drogeuase activity in solution, but analysis levealed significant dif 
ferences between them and succimc dehydrogenase Thus, the products 
of proteolysis contained 1 to 4 moles of hemin per mole of flann, whereas 
the alkaline degradation pioduct yielded 1 atom of non-henun iron (m 
stead of 4)® and no hemin pei mole of flavin These preparations further 
differed among each other and from succmic dehydrogenase in their ac 
ceptor specificity It v as concluded apparently that the products men 
tioned represent different “types” or “species” of succmic dehydrogen^c 
(24, 26, 27) The piesent authois are not inclined to this ^^ieA\, an’e 
neither in the isolation of succimc dehydrogenase from ammal tissiicsror 
from bakeis’ yeast^ was any evidence encountered for the existence of nm’ 
than one type of succimc dehydrogenase nor foi a change in its accepio' 
specificity m the course of purification Alternative explanations lime 
not been precluded Since none of the preparations of Green et d ha\e 
been isolated in a state approaching homogeneity, the possibility remain 
that they contain, besides succimc dehydrogenase itself, contanunatin 
hemoproteins Anothei possibility, favored by the present authors, i 
that the degradative procedure used by these woikers may be incomplek, 
breaking the succinoxidase chain at vaiious points above the level of th 
dehydrogenase, liberating fragments which indeed contain succimc deh} 
drogenase, but along mth other members of the succinoxidase chain, mai 
or may not be structurally attached, possiblj’’ by a lipide matrix, to the 
dehydiogonase itself (28) If this should be true, it would be desirable to 
avoid confusion by clearly indicating their non-identity mth the ferro- 
flavoprotein succimc dehydrogenase 

SUMMARY 

1 Succmic dehydrogenase has been isolated from beef heart mitochon 
dria as a soluble protein in a state approaching homogeneity by physico- 
chemical criteria The over-all purification is about 100-fold coniparol 
with a mitochondrial acetone powder 

2 The enzyme is a ferroflavoprotein containing 4 atoms of ferrous (mo 

hemin) ii on and a mole of flavin per mole of protein (200,000 gm ) 
dehydrogenase may be isolated from aged starting material mth 2 atom’ 
of iron per mole and half the specific activity ^ 

3 Among the common electron acceptors, only the follouiug uno 
wuth the dehydiogenase, at the relative lates indicated m 
phenazine methosulfate (100), feiricyamde (39), O 2 (0 02) The 

of these acceptors react via the iron moieties, whereas O 2 seems 0 r - 
directly with the flavin 

® The iron of succimc dehydrogenase is readily labihzed by strong dial 
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4 The (3 o 2 has been nieasuied as 20,000 and the tin novel numbei as 
3000 undei the standaid assaj^ conditions 

5 The piopeitics of the isolated dchy di ogenase agiee inth those pie- 
viously desciibed foi mitocliondiial and otliei paiticulate prepaiations of 
the enz 3 Biie, except foi piopeities i elated to the absence of contaminating 
hemoproteins At 38° the pH optimum is 7 7, the foi succinate is 
1 3 X 10~^ M at 38° and 5 2 X 10 ~' m at 21° Oxalacetate, malonate, and 
fumarate aie competitive inhibitois Antimycin A and BAL do not in- 
hibit the dehydrogenase The dehydi ogenase is highly sensitive to sulf- 
hydijd reagents, p-chloiomcicuiibenzoate inhibiting it in a leversible man- 
ner and the substiate piotecting the enzyme fiom this type of inhibition 
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The various preparations thus obtained were reported to contain succinic 
dely-drogenase activity m solution, but analysis revealed significant dif 
ferences between them and succimc dehydrogenase Thus, the product^ 
of proteolysis contained 1 to 4 moles of heimn per mole of flavin, whereas 
the alkaline degradation product yielded 1 atom of non-hemin’iron (m 
stead of 4)® and no hemm per mole of flavin These preparations furiher 
differed among each other and fiom succinic dehydrogenase m their ac 
ceptor specificity It u as concluded apparently that the products men 
tioned represent different “types” oi “species” of succinic dehydro''ella^' 
(24, 26, 27) The present authors are not inclined to this view, ssc 
neither in the isolation of succimc dehydrogenase from ammal tissuCiCu 
from bakers’ yeast^ was any evidence encountered for the existence of nir.’e 
than one type of succimc dehydrogenase nor for a change m its acceplv 
specificity in the course of punfication Alternative explanations bare 
not been precluded Since none of the pieparations of Green et a( ba\e 
been isolated in a state approaching homogeneity, the possibility remain, 
that they contain, besides succimc dehydrogenase itself, contaminate 
hemoprotems Another possibihty, favored by the present authors, i 
that the degradative piocedure used by these workeis may be incomplefe, 
breaking the succmoxidase chain at various points above the level of tb 
dehydrogenase, liberating fragments which indeed contain succimc debi 
drogenase, but along with other members of the succmoxidase chain, niw 
or may not be structurally attached, possibly by a lipide matnx, to the 
dehydrogenase itself (28) If this should be true, it would be desirable to 
avoid confusion by clearly indicating their non-identity with the ferro- 
flavoprotein succinic dehydrogenase 

SUMMARY 

1 Succimc dehydrogenase has been isolated from beef heart mitocbon 
dria as a soluble pi otein in a state approaching homogeneity by phy'ico- 
cheimeal criteria The over-all purification is about 100-fold compaie- 
with a mitochondrial acetone powder 

2 The enzyme is a ferroflavoprotein containing 4 atoms of ferrous (non 
hemin) iron and a mole of flavin per mole of protein (200,000 gm ) 1 
dehydrogenase may be isolated from aged starting matenal mth 2 afoit 
of iron per mole and half the specific activity 

3 Among the common electron acceptors, only the following fundio-* 
with the dehydiogenase, at the relative rates indicated in 
phenazme methosulfate (100), feiricyamde (39), O 2 (0 02) The firdj^^ 
of these acceptors react via the non moieties, wdiereas O 2 seems tor 
directly with the flavin 

® The iron of succimc dehydrogenase is readily labilized by strong altali 
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The initial step in the iiitei action of the tadpole-shaped bacteriophages 
ivith their host Escherichia call B is consideied to be a reveisible adsorption 
due largely to the formation of electrostatic bonds (1, 2) The bacterial 
virus IS apparently adsorbed tailfirst to the cell (3) Certain chemical 
groupings on both the bacterial surface and the bacteriophage have been 
implicated hy Tolmach and Puck (4) as participating in this attachment 
After the reversible attachment of the virus, an irreversible step occurs, 
and mthin a short time the host cell is killed Subsequently, or perhaps 
simultaneously, the virus is dissociated into protein and DNA (deox3Tibo- 
nucleic acid) portions Most of the viial protein remains as an empty 
“coat” outside the cell while only the DNA enters the cell (5) This 
latter process has been termed “injection ” The injected DNA apparently 
initiates the replication of new vims particles 
An early attempt by Cohen (6) to infect intact cells vuth isolated DNA 
was unsuccessful Apparently the protein portion of the virus not only 
protects the viral DNA and attaches it to the host but also insures its 
entrance into the host cell This paper is concerned vuth quantitative 
studies of the nature of the invasion process subsequent to attachment 
of the virus 

In 1951 Weidel (7) devised a method for isolating cell walls from E coli 
and reported that when these isolated cell walls were incubated with bac- 
teriophage the cell walls ivere decomposed This vas the first evidence 
that one of the steps of viral infection involved the alteration of the host 
cell surface The use of isotopically labeled cell walls appeared to offei 
the best means for studying the alteration of the host cell ivall In a 
preliminary note (8) m 1954, we reported that T2I+ caused the release of 
from N^^-labeled cell wmlls It was also found that, when only a rela- 
tively few virus particles (up to fifteen) wmre adsorbed to a cell wall, the 
amount of Ni^ released wms proportional to the number adsorbed Re- 

T), ^ grant from the National Foundation for Infantile Paralysis, Inc 

6 work reported here was taken in part from a thesis submitted by L F Barrington 
to the Division of Biological Sciences of the University of Chicago in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophj'^ 
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cently Weidel and Koch (9) have also found that nitrogenous matenal i 
leleased fioni the cell wall and that the amount depends on the nurabttof 
\ iras units adsoibed 

It has now been found that viiuses other than Tz mil lelease K^hom 
cell nails piepaied according to Weidel (7) oi by the method of Saltoaand 
Home (10) ^^a^ous othei aspects of viius and cell wall interaction aicli 
as the effect of tempeiatuie, time, and lomc strength have also beenm 
vestigated It appeals that one of the steps in viial invasion lmo!v^ 
the enzyme-hke action of a portion of the nral tail on some nitrogeno'j' 
components in the cell wall 

Materials and Analytical Methods 

Tzi, Toi+j T 4 I+, T 5 , Tei+j and T? bacteriophage weie pi spared byuifec 
tion of E coll B in liquid cultuie 01 by confluent lysis on agai plates (11) 
Nitiogen infectivity measurements weie routinely made on all punW 
piepaiations (12) Phage assays weie earned out by the plaque cout 
teclinique (13) Cell walls w^eie counted in a Petioff-Hausser countir; 
bacteiial chamber nith the use of a phase contrast microscope Sedimcii 
tation constants weie deteiimned in the Spinco model E ultracentrifugf' 
and electiophoietic mobilities in the Pearson electrophoresis apparatii' 

Nitiogen was deternuned by the micio-Kjeldahl method of Ma and 
Zuazaga (14) was measuied in the mass spectiometer, samplesiiere 
piepaied foi analysis by the method of Rittenbeig (15) and total 
phosphoius u eie deteimined by methods previously desciibed (16) Tola! 

1 educing substances weie determined (as glucose) by the method of Herbr 
(17) and hexosamine by a modified Elson and Moigan method (18) P 
was obtained fiom the Argonne Cancel Research Hospital as phospli'i!< 
in weak HCI (7 7 atom per cent excess) was purchased as 
from the Eastman Kodak Company and distilled into sulfuric acid Ti^? 
sm, lysozyme, and iibonuclease were obtained fiom Aimour and Compani 
and the deoxyribonuclease from the Woithington Biochemical Corpora 
tion Tiis (tiis(hydioxymethyl)ammomethane) was obtained from th 
Sigma Chemical Company 


Results 

Preparation and Nature of Bactenal Cell Walls 

Piepaiahon of N^-Labeled Cell Walls— E coli B vas giovn 
at 37° on the following media (gm pei htei) NazHPO^, 10 9, K ’ < 
10 0, MgS 04 , 02, FeS 04 , 5 X lO'S CaClz, 0 01, sodium 
glucose, 3 35, (N«H 4 ) 2 S 04 , 1 24, adjusted to pH 7 0 Usually 4 to ^ 
of the above medium were inoculated vnth a submoculum of * 



h F BARRINGTON AND h M KOZLOFP 


617 


Cells Aveie liai vested bj’- ccntiifugation when the bacteual concentiation 
reached 1 4 X 10" cells pei ml 

Cell walls weie then piepaied by using eithei the procedure of Weidel 
( 7 ) 01 that descnbed by Salt on and Home ( 10 ) In the Weidel piocedure 
the cells were allowed to autolyze, and weie exti acted with ethanol and 
treated vath tiypsin and lysozyme The pioduct was then purified by 
four cycles of diffeiential centiifugation in which material sedimenting 
within 5 minutes at 3000 X g in an angle centrifuge was discarded, wlule 
the cell walls ueie sedimented m 30 minutes at 19,000 X g 

In the Salton-Hoine piocedure, the hai vested cells were suspended m 
a small volume of 0 9 per cent NaCl and heated at 75° for 5 0 imnutes 
The pH uas then adjusted to 7 5 with Tiis buffer, and 0 4 m MgSO^ was 
added so that the Mg++ ion concentiation uas 0 01 M The suspension 
of heated cells was then digested at 37° for 2 hours with a mixture of the 
foUomug enzjmies deoxyiibonuclease (1 y pei ml ), iibonuclease (1 y per 
ml), lysozjrme (5 7 pei ml ), and trypsin (1 umt per ml ) The cell walls 
were then isolated by differential centrifugation and finally suspended 
in water 

Chemical Nature and Physical Pioperties of Cell Walls — The Weidel 
cell walls represent about 10 per cent of the original cell N and the Salton- 
Horne about 20 pei cent of the cell N Some of the chemical properties 
of the cell wall prepaiations are hsted m Table I Comparisons aie also 
shomi mth values w'hich Weidel (7) and Salton (19) have reported The 
data indicate that the prepaiations contain about 65 to 70 per cent protein 
With the assumption that the cell wall protein is of the usual type and has 
a nitrogen content of 16 per cent, the presence of carbohydrate (9 to 16 
per cent) and hpide (10 to 22 per cent) would lower the N content to the 
observed value of 10 per cent (The N of the hexosamine is neghgible m 
relation to protein N ) Salton (19) has reported that essentially all the 
ammo acids of the intact host cell are also found in the cell wall The 
cell wall carbohydrate is the mucopolysaccharide type found m many 
bacterial antigens Hexosamine has been demonstrated m our preparation 
and in cell walls prepared by Salton Salton ( 1 9) has reported the presence 
of both glucose and galactose Recently Weidel and coworkers (20) 
have also reported the presence of hexosamine and a heptose m the receptor 
substance for T3, T 4 , and T7 bacteriophage 

The cell walls contain phosphorus, but it is important to note that there 
IS no RNA (iibonucleic acid) and no DNA m eithei cell wall preparation 
The orcinol test for RNA and the cysteme-sulfuric test for DNA shoved 
that less than 0 1 per cent of eithei substance could be piesent Nucleic 
iicid does not appear to be a constituent of the isolated cell wall 

Although each cell wall preparation studied moved as a si boundary 
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bacteriophage and the cell walls are almost completelj’- sedimented Tlie 
amount of total N and in the final supernatant solution ii as measured 
The amount of liberated by phage-cell interaction was corrected for 
the amount of found m the control tube contaimng no vmis Th)!; 
collection iias usually of the order of 1 to 2 per cent of the total cell nail 

N15 

When ^-labeled walls prepared according to the Weidel procedure 
M ere allon ed to interact mth six different T phages at the same multipliwh, 
all except Tr weie well adsorbed (Table II) For this set of expenfficul; 
the media contained those substances known to provide an efficient ra 


Table II 

Interaction of Cell Walls with T Phages* 


Phage 

Phage adsorbed 

Wall N made non 
sedunen table 

Wall N imde 
non seduntntsVt 
per phase 


per cent 

per cent 

mg X «-» 

T.r 

99 3 

4 4 

5 1 

Tjr'^ 

97 5 

3 9 

4 5 

T^r+t 

99 4 

4 3 

4 9 

Tat 

99 9 

5 5 

6 3 

T6+ 

97 8 

3 2 

3 7 

T,§ 

61 6 

0 0 

00 


* 30 minute incubations at 37“ in isotomc-buffered saline, except as noted Mul 


tiplicity = 20 Weidel cell wall Preparation 6 
t 0 005 per cent DL-tryptophan added 
t Incubation in Ringer’s solution 
§ Incubation in 0 002 m NaCI 

vironment for infection of intact cells by each bacteriophage T-r, T-r ; 
T^r+j Ts, and Ter^ all liberated equivalent amounts of cell wall h - 
failed to cause the i elease of any ivall nitrogen although 62 per cent o 
the added Ty were inactivated duiing the incubation Although T, a 
soibs well only in media of low lomc strength, it seems possible tlia 
higher salt concentration may be necessary for subsequent reactions ur 
ing invasion 

An experiment ivas performed ivith T 2 i'^ phage which had been osmo^ 
cally shocked, treated vnth DNAse (deoxyribonuclease), and 
so that a suspension of only the protein coats of the virus vas o a ^ 
(21) These vnal “ghosts” caused the liberation of ^flj 

fiom cell walls At a calculated multiplicity of tivelve “ghosts 
wall, each “ghost” caused the liberation of 5 X 10“^^ mg ^ ''1 
very similar to that liberated by intact Tor^ It can be cone u 
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lal DNA IS not necessaiy foi the blcakdo^\n of the cell wall, but that 
lal piotein alone is lesponsiblc 

It lias also found in these e\peiiments that some viial N uas made 
n-sedimentable upon mtei action w ith the cell u all prepai ation Typical 
lilies foi the amounts of Toi"^ N leleased have been given eailier (8) and 
nged fiom 15 to 38 pel cent of the viial N The identity of the \nral 



'IS 1 The effect of viral multiplicity on the release of N from cell walls prepared 
the Weidel procedure (Preparation 2) 

was not closely exanuned, but on the basis of its phosphoius content 

I its ultiaviolet light adsorption it apparentlv consists laigely of viral 
A 

'effect of Viral Multiplicity on Release of Cell Wall N — In these expeii- 
ats the results varied mth the type of cell wall used and its exact tieat- 
t during its pieparation The most consistent lesults were obtained 
hWeidel’s Prepai ation 2 (see “Chemical nature and physical propei- 
’) when it was used immediately aftei prepai ation In Fig 1 it can 
seen that at i datively low multiplicities the amount of cell vail N hb- 
ted IS pioportional to the number of phages adsorbed The amount of 
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X released per phage adsoibed ^^as 9 to 10 X 10"*^ mg of X or twice tint 
obtained ^Mth AYeidel’s Preparation No 6 (see Table III) Increasing the 
miiltiplicit} above fifteen phages per cell wall did not increase the amount 
of X liberated 

.Uthoiigh there v as some variation among the preparations in the frac- 
tion of N liberated (vliich depends on the amount of N per cell wall), the 
maximal amount of cell v all nitrogen liberated even at multiplicities of 150 
to 200 was 15 per cent for the AVeidel cell walls and 13 percent for the Sal 
ton and Horne cell w alls ^ It appears that at low multiplicities not onl\ 


Table III 

Interaction of Bacterial Cell Walls and T^r'^ Bactenophage 
under Various Conditions 


! 

"Expenment No 

Conditions* 

Tjr* added 
Cell nail 

Tjr*' adsorbed 
Cell Mall 

Cell wall N rj'' 
non sediraenUt' 

. I * 

T = 4° 

280 

151 

fer art 

0 


” = 37° 

280 

245 

S 2 

II 

? = 0 0003 

Ji 

200 

138 

0 


r.0 16 

200 

[ 194 

4 1 

III 

0 005 M Versene 

40 

21 

2 2 

1 

No Versene 

i 40 

34 

2 3 


* Unless otherwise indicated, the reaction mixture had an ionic strength of 0 h 


= 0 16^ including 0 001 M Mg++ and was incubated at 37° for 30 minutes h 

these expenments three different Salton and Horne cell wall preparations I'crc 
used 


does each phage adsorbed have a limited action on the bacterial surface 
structure but that only a limited amount of cell w'all material can he 
liberated 

Effect of Various Conditions on Release of Cell Wall N — It was found 
that onlj'- 2 to 3 minutes incubation at 37° gave maximal liberation of 
cell w all N After the incubation period the tubes w^ere chilled in an pe 
bath and centrifuged m the cold With Salton and Home cell walls (Table 


oul'l 


* We hnd prc\aouslj reported (8) that as much as 74 per cent of the cell wall r 
be made non-scdimentable b} interaction with T:r+ at a multiphciti of 187 
c\cr, this result was obtained with a cell wall preparation which had been ^ 
—20° for some months, and the release of similarlj large amounts of cell wall ' ^ 
not observed with unfrozen fresh preparations of either Weidcl or Salton and 
ell walls 
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III), both the irreveisible adsorption and the libeiation of wall N are 
apparently tempeiatuic-dependent Adsoiption of more than half of the 
added phages aaas complete at 4° in 20 minutes However, the inter- 
action at this tempciatuie did not cause hbeiation of any wall while 
the samples incubated at 37° showed an increase m non-sedimentable 
naUN 

The lomc requiiements foi the attachment of Tjr^ have been previously 
reported by Puck and cowoikeis (1) However, the breakdown of the 
bactenal surface V ould not necessaiily lequiie the same ionic environment 
The results of an experiment to test the lomc requirements of the cell 
■wah breakdoira process are shown in Table HI 
Tjr^ bactenophages v ere centrifuged and suspended in distilled water 
Salton and Home ceU v alls were added to this phage, and the mixture 
iras incubated 30 rmnutes at 37° in a system to which no electrolyte had 
been added Samples v ere taken for phage and mtrogen analyses Hy- 
pertomc NaCl vas added to the remainder of the mixture to brmg the 
lomc strength to 0 16 Tins vas incubated at 37° for a second 30 rmnutes, 
svhen samples for phage and mtrogen analyses were again taken 
The results m Table III show that phage adsorption is decreased in 
the absence of added ions Further, there is no release of N from either 
lacteriophage or cell vails m the absence of added ions, but, when the 
omc strength is mcreased, cell v all mtrogen is converted into a non-sedi- 
nentable form These results demonstrate that cell wall N hberation 
lepends upon the proper lomc environment Presumably the N hberation 
!an occur only after the irreversible step m adsorption which is known 
to require added ions (2) 

iVaiure of Material Released from Cell Walls — The non-sedimentable ma- 
terial from one experiment was dialyzed against distilled water for 48 hours 
k room temperature The dialyzable and non-dialyzable fractions were 
iobjected to N partition, and all fractions were assayed for N and for 
'6 per cent of the non-sedimentable was found in dialyzing water, while 
4 per cent remained m the dialysis bag Although there is an unequal 
bstnbution of the matenal with respect to dialyzabihty, 50 per cent of both 
factions were soluble m 0 3 m trichloroacetic acid There was no alcohol- 
oluble N15 in either the non-dialyzable or the dialyzable fraction, which 
ndicated the absence of phospholipide N in the cell wall material made 

‘on-sedimentable 

^'^eidel cell walls (Preparation 4) were prepared from cells grovn m 
medium contaimng both Ni'‘H 4 + and HP^^Or After these walls vere 
acubated vnth unlabeled T 2 r+ bacteriophage (40 Tz per cell vail), the 
upematant solution after centrifugation vas assayed for both and 
It vas found that 7 3 per cent of the cell wall vas hberated as 
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compaied to 3 5 pei cent of the cell phosphoius ^\all P'*'’ Thc^o 
results on the nature of thepioducts indicate the complexity of tlie ual! 
mateiial liberated duiing interaction x\ith phage 
Effect of Heat and Phenol on Cell TFaZfs— Salton and Home cell walls 
Mere heated at 95° for 1 houi in distilled Mater Befoie incubation with 
bacteriophage the cell Malls Mere centrifuged once and resuspended m 
M^atei The lesults of incubating these heated cell Malls with T;r+ at 
37° for 30 minutes aie shoMii in Table IV Heating has no effect on tlip 
capacity of the Malls to bind bacteiiophage and appears to increase flip 
amount of M^all N liberated duiing the interaction Mith T 21 + 

Salton and Horne cell Myalls M'ere treated m ith 1 pei cent and 5 per rent 


Table IV 

Effect of Heat and Phenol Treatment on Ability of Cell Walls to Release A 


Tjpe of cell ^^aIIs j 


Treatment of cell wall 

i 

Tjr*' adsorbed 

Cell «all 

Cell wall, N relc-’'' 

Salton and Horne 

1 

1 

Untreated 

197 

pa cen! 

7 2 


2 

Heated to 95° 

147 

16 •} 


3 

1 per cent phenol 

198 

20 0 


4 

5 “ “ “ 

198 

' 0 

Weidel 

1 

Untreated 

20 

3 9 


2 

2 per cent phenol 

16 

35 


3 

5 “ “ 

3 4 

2 2 


Incubated at 37°, 30 minutes The initial multiplicity with Salton and Ilor/if 
cell w^alls was 200 The initial multiplicit3'^ with Wcidel cell walls was 20 


phenol by addition of the solid reagent and incubation foi 1 hour at 37 
Phenol M^as removed by M^ashing and centrifuging three times with water 
The phenol-tieated M’-alls were incubated ivith Tor^ for 30 minutes at 37 
The results shoMui in Table IV indicate that treatment with 1 per rent 
phenol does not remove the adsorption capacity for Tor^ and that it not 
only does not prevent breakdoMui of the M’^all substance during intcractioa 
Muth the phage but also apparently increases the amount of mateiial wlndi 
can be released HoM^ever, treatment Muth 5 per cent phenol does prevent 
breakdoivn of the cell M^all upon interaction with the phage, although it 
does not affect the ability of the treated Myalls to bind Tzr^ The cfioc 
of phenol on Weidel type walls differs from that found with Salton an 
Horne Myalls since even 5 pei cent phenol did not completely prevent t e 
release of cell w^all N, but phenol also decreased the ability of these cc 
Myalls to adsorb Tjr^ (Table IV) 
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DISCUSSION 

The natuie of one of the icaclions occuuing after the electiostatic at- 
tachment of the virus to the host is the pimcipal pioblem investigated in 
these studies In geneial oui icsulls aie in agieement with the geneial 
picture of viral imasion deseribed eaihei The lelease of a constant 
amount of cell vail inateiial bj^ intei action with viiiis suggests that an 
opemng or hole must be made in the cell wall for infection to occur Al- 
though our experiments have been exclusively concerned with isolated 
cell walls, theie is every leason to believe that a sinular alteration is made 
in the cell vail of an intact bacterium Isolated cell v alls have a morphol- 
ogy similar to that of intact cells and interact with viruses only under 
conditions appropriate for adsorption The lanetics of viral adsorption 
and number of rural particles the walls can bind aie similar to if not iden- 
tical with those obtained with whole cells In addition Puck and Lee (22) 
have found that infected cells aie leaky, again suggesting that a change in 
the cell wall has occui red 

The exact nature of the alteration made in the cell wall by interaction 
mth the virus cannot as yet be determined At low multiphcities of 
infection one virus particle caused the release of about 1 per cent of the 
cell wall N (5 to 9 X 10"*^ mg ) ^ This material is obviously heterogeneous 
in terms of its size and solubility However, it appears that what are 
being destroyed are not the viral receptors Both Jesaitis and Goebel (23) 
and Weidel and Kellenberger (24) have shown that neither isolated T 4 
receptor nor the isolated Tb receptor is broken down upon mteraction with 
It seems more hkely that the portion of the cell wall surrounding 
the viral receptor and fixing it in its position m the cell wall is destroyed 
so fhat receptor material, plus any attached viral tail material, would 
Dot interfere vuth the subsequent injection of the xural DNA into the cell 
One might propose, as Weidel e( al (20) have done, that the cell wall is 
composed of various layers of material and that the layer supporting the 
wal receptor comprises about 15 per cent of total cell wall and is completely 
estroyed v^hen up to 15 viral particles are adsorbed to the cell or cell 
wall Our studies mdicate that the breakdown of cell wall material upon 
interaction with phage has certain properties which are similar to those 
n an enzymatic reaction It has been generally bebeved for some time 
1 at bacterial viruses have lytic properties This early view wns strength- 
ened vhen it was found that, when a large number of bacterial viruses 
"'ere added to a susceptible cell, the cell was lysed wnthout viral repro- 

some interest to note that the mass of the cell v all material released 
1^0 9 X lo-n mg of N) IS similar to the mass of the viral DNA (5 X 10“^^ mg of 
D which must pass into the cell 



626 


A.CTION OF B^CTEniOPIUGE 


duction occuuing (25) (l 3 >-sis from without) Weidel has assumed that the 
decomposition of the bacteiial cell xiall which he observed vas the rcqilt 
of the action of an enzyme associated with the bacteriophage Lark and 
Adams (26) have also suggested that there is an cnzjrmc in the tail of 
bacteriophage Ts 

Puck and Lee (22) have not favored the new that theie is an enzyme 
associated Avith the bacterial vims They have ascribed the invasion 
phenomenon involved in bacteriophage infection to participation of a 
host cell surface enzyme They beheve that the attachment process ac 
tivates an enzyme which is normally “masked ” In experiments mih 
phenol-treated cells and cells subjected to modeiate heating, they found 
that no “lysis from without” resulted from interaction of the killed celK 
with bacteriophage They postulated that the heat oi phenol had mac 
tivated the bacterial suiface enzyme, blocking the invasion process Our 
expel iments, which show that phenol-tieated cell walls and heated cell 
walls mteiact with phage and lelcase nitiogenous mateiial as do untreated 
cell walls, tend to rule out the presence of a cell u all enzyme whose partie 
pation IS “triggeied” by the attachment step Since the bacteriophage n 
^ ensitive to inactivation by heat oi phenol, it seems more likely that an 
enzyme on the bacteriophage tail causes the paitial bieakdown of host cell 
walls The lestiiction of movement of the bound enzyme would e\phin 
its failuie to catalyze the breakdowni of all the host cell w'all substiatc 

SUMMAHy 

Isotopically labeled cell w^alls of Escherichia coli have been piepaicd bv 
two different piocedures The preparations contained protein, carbo 
hydrate, and Iipide but no nucleic acid Some variations in N content 
and m physical and biological properties of the various preparations vere 
observed 

Bacterial cell w^all mtrogen and phosphoms w ere converted into a non 
sedimentable form by interaction ivith Tzr, T 2 r+, T^rL Ts, and Ttr+ 
Protein “ghosts” of T 2 r+ w^ere just as active as the intact virus At 
low’^ multiplicities (up to 15 phages per cell w'all) the amount of cell wall 
material released w^as pioportional to the number of phages adsorbed 
Each virus released fiom 5 to 9 X 10“^^ mg of N, wlule the maximal 
amount of N released by large amounts of virus was 15 pei cent of the 
total cell wall nitrogen The material released is composed of a number 

of components ^ . 

The lelease of cell wall N occuis wnthin 2 to 3 minutes at 37° and m i 
presence of 0 16 M NaCl No N is released at either 4° oi m the presence 
of 0 0003 M NaCl Prior treatment of cell walls wath phenol or ea oc 
not prevent phage adsorption or the subsequent release of cc wa 
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It IS suggested that an enzyme in the bacteiiophage tail alteis the cell wall 
so that the viral DNA may enter the cell 
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THE FORMATION OF IIYDROXYASPARTIC ACID FROM 
DIHYDROXATUMARIC ACID AND 
l-GLUTAjMIC ACID^* 
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Medteal School, Madison, Wisconsin) 
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It has been lepoited that dihydioxjTumaiic acid is enzymatically de- 
carbo\ylated to hydioxypyiuvate by labbit muscle preparations (2) 
In an investigation of tins leaction in other tissues as a possible mechanism 
for h)dro\'j'p)'iuvate and hence seime foimation, it was obseived that 
sj^stems consistmg of dihydroxyfumaiate, L-glutamate, and various tissue 
prepaiations gave use to an unknown nmhydrin-reactmg substance This 
compound was cleaved by peiiodate vith the hbeiation of ammonia and 
had the same Rp as symthetic hydiovyaspaitic acid in a vaiiety of solvents 
These lesults indicated that the unknown compound was hydroxyaspaitic 
acid formed by transanunation between oxaloglycolate, the keto form of 
dihj'droxyfumarate, and glutamic acid In the reverse reaction, hydioxy- 
aspartic acid and a-ketoglutaiate gave rise to glutamic acid, as shovm 
(luahtatively by paper chiomatogiaphy In this article, ceitam properties 
of this system mil be discussed and evidence pi esented for the identification 
and characterization of hydioxyaspartate as the product of the foiwaid 
leaction 


EXPEEIMENTAL 

Enzyme Preparation — A survey of tissues levealed that the enzyme is 
present in heart, hver, kidney, and brain obtained from a number of ani- 
mals, sheep brain was selected as the tissue to be used for furthei studies 
Acetone powders of fiesh sheep brain were piepared immediately upon 
Piocurement of the tissue and were stoied at 5° in a vacuum desiccatoi 
The acetone powdei ivas extracted by Stirling with 10 volumes of cold 
distilled water for 20 imnutes in the cold room The insoluble material 
"as lemoved by centrifugation and the supernatant solution vas heated 

‘This investigation was supported m part by reseaich grant No A-922 from the 
ational Institute of Arthritis and Metabolic Diseases of the National Institutes of 
«alth, Public Health Service, and the Wisconsin Alumni Research Foundation 
art of this vork has been reported before the Forty-seventh annual meeting of the 
merican Society of Biological Chemists at Atlantic City m 1956 (1) 
t reject Assistant, Wisconsin Alumni Research Foundation 
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MTth constant gentle SMnrling m a flask immersed in a water bath at 65-67= 
until its temperature rose to 65° It Avas maintained at tins temperature 
for 3 rmnutes and then cooled to 0° m an ice-salt bath The precipitated 
protein was removed bj-- centrifugation and discarded The supernatant 
solution was placed m a beaker immersed in an alcohol-water bath at -8’ 
and stirred until the first ice cr 3 'stals appeared Cold (—15°) acetone 
w'as then added at a rate such that the drop m temperature paralleled 
the addition until a final acetone concentration of 32 per cent (v/v) i\as 
reached The piecipitated protem ivas equilibrated wuth the solution 
for 30 minutes wnth stirring at —8°, then centrifuged for 30 nunutes at 
2000 X fif at the same temperature, and discarded The supernatant 
solution was adjusted to a final acetone concentration of 50 per cent (a/\), 
as desenbed above, m an alcohol-w'ater bath at —20° After equilibration 
and centnfugation, the precipitated protein was taken up in cold i\atcr 
and lyophihzed The dried protein wms stored in a vacuum desiccator 
at 5° over alumina and was found to retain its activity for weeks Tlr 
fraction wms the enzyme preparation used in all the expeiiments reportcl 
in this paper 

Suhsiraics — Dihydroxyfumaric acid was obtained from the Aldrich Clicm 
ucal Company and recrystalhzed as described by Hartree (3) a-Keto- 
f glutaiic acid was a commercial product 

Hydrovyaspartic acid wms synthesized by a modification of the procedure 
of Dakin (4) The authors are indebted to Dr William Shive and Dr 
C G Skinner, Department of Chemistry, University of Texas, for making 
the details of their method available to them and also for a sample of 
authentic hydroxyaspaitic acid The synthetic hydroxyaspaitic acid used 
in these experiments w'as recrystalhzed from water and hence should be 
primanly the less soluble racemic isomer designated as “para-hydroxy- 
aspartic acid” by Dakin (4) n-Glutamic acid was used as supplied bv 


the manufacturer without further purification 

Coenzyme — ^Pyridoxal phosphate, as the calcium salt, wms kindly supplied 
by Dr Wayme Umbreit of the Merck Institute for Therapeutic Research 
Incvhaiion Condihons — All the expenments w ere run at 38° m air Sub 
strates w ere adjusted to pH 7 0 before use The enzyme preparation 
wms allow^ed to equilibrate with the pyiidoxal phosphate for 10 minutes 
at 38° and then the ammo acid solution was added After a second 10 


minute equilibration, the a-keto acid solution xvas added and the reaction 
allowed to proceed for 1 hour The reaction wms stopped by the addition 
of 0 2 ml of 40 per cent trichloroacetic acid in all expenments cxr ep 
those in which glutamate assays were made In these cases, the rcac ion 
wms stopped by heating the reaction mixture in boiling water for 5 mum 
Avnno Acid Determinations — Glutamate w as assayed by the proce nr 
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of Caniraaiata and Cohen with the glutainic acid decarboxylase prepa- 
lation^ of heat-tieated Eschetichta coli All the values weie collected 
for caibon dioxide leleased non-enzymaticaliy undei assay conditions 
Hydroxyaspaitate nas dctei mined by measuiing the ammonia released 
after oxidation with peiiodate Aliquots of the supernatant solution aftei 
depioteimzation weie tiansfeiied to Conway vessels, neutrahzed, and oxi- 
dized with peiiodate Liberated ammonia was determined by the micio- 
diffusion method of Conway and O’Malley (5) As contiols, reaction sys- 
tems contaimng onlj’' the ammo acid or the a-keto acid weie used Blank 
determinations, without peiiodate, weie made on all supernatant solutions 
Protein Determinations — The biuret method was used m the determi- 
nation of protein concentiation 

RESULTS AND DISCUSSION 

In the early stages of this investigation, it was found that dialysis of 
aqueous acetone powdei extracts lesulted m a marked reduction m hy- 
droxyaspartic acid formation from dihydroxyfumarate and glutamate 
This effect could be leversed by the addition of magnesium ions Similar 
results were observed vnth non-dialyzed enzyme prepaiations when Veisene 
was added to the reaction mixtures The magnesium requirement for 
the formation of hydroxyaspartate from dihydroxyfumarate and glutamate 
by the partially purified enzyme preparation is showm m Table I No 
magnesium requirement could be demonstrated for the reverse reaction 
by using hydroxyaspaitate and a-ketoglutarate as substrates 
Hydroxypyruvate was inactive m this system No ammoma hberation 
after treatment with periodate could be detected with either glutamate 
or alanine as the ammo donor when hydroxypyruvate replaced dihydroxy- 
fumarate (Table II) This mled out the possible formation of serine 
from hydroxypyruvate The latter could presumably arise from oxalo- 
glycolate by decarboxylation 

Evidence that the reaction observed m this system is one of transamina- 
tion is the ammo acid balance study presented in Table III The data 
show that in both the forward and the reverse directions the anuno acid 
ulone or the a-keto acid alone was inactive In the complete systems, 
however, the appearance of one anuno acid was accompamed by an equi- 
molar disappearance of the other anuno acid 
At this stage of purification an absolute requirement for pyridoxal phos- 
phate has Hot been demonstrated However, this compound was con- 
sistently found to stimulate the formation of hydroxjmspartate fiom 
dihydroxyfumarate and L-glutamate by approximately 10 per cent 

' T S Cammarata and P P Cohen, to be published 
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T\B1 L I 


Effect of Mg-^ on Hydroxyaspartatc Formaliou from 
Dihydroxyfnmaralc and h-Glutamaic 



H\ dro-cj isparlic acid 

nmoles 

nmoles per hr 

0 

0 7 

4 

4 6 

8 

5 7 

12 

6 3 

16 

7 4 

20 

1 7 0 


The reaction sj'stems contained 50 jumoles of dihydro\yfutnaratc, 60 /imolcs o5 
L-glutamate, 30 y of pjndoxal phosphate, and 3 3 mg of enzjme in n total loluni’ 
of 3 6 ml , 0 01 POi, pH 7 4 


Table II 

Hydroxy pyruvate Actwity with Acefone-Frachonated Enzyme 


Reactants 

Ammonia (penodatt 
oudation) 


nmoles 

Dihydroxyfumarate + L-glutamate 

8 1 

Hydroxypyruvate + L-glutamate 

0 

“ -h L-alanine 

0 


The reaction systems contained 50 /imoles of ammo acid, 50 ^imoles of a keto 
acid, 10 /imoles of Mg++, 30 y of pyndoxal phosphate, and 4 0 mg of enzyme prepi 
ration in a total volume of 3 6 ml , 0 01 m PO4, pH 7 4 


Table III 

Aimno Acid Balance Study 
The values are given in micromoles 


Reactants 

1 

HydrOTj aspartate 

Glutamate 

0 time 

1 hr 

0 time 

1 hr 

Hj droxyaspartic acid 




0 

“ “ + a-ketoglutarate 

KfilM 



20 2 

a-Ketoglutarate 

0 

0 


0 

Glutamic acid 

0 

0 

, 47 4 

4 / 3 

“ " -f dihydroxyfumarate 

0 

7 3 

47 9 j 

40 4 

Dihydroxyfumarate 

0 

1 

0 

■B 

u 


The reaction systems contained 50 /imoles of the ammo acid, 50 /imolcs of® lei 
aerd, 30 7 of pyndoxal phosphate, 10 /imoles of Mg++, and 4 S mg of cnz>mc in 3 
total volume of 4 0 ml , 0 01 st PO4, pH 7 4 
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Hydiovj'^aspaitic acid has been isolated fiom reaction mixtures after 
the incubation of dihydioxyfumaiate and L-glutamate with the enzyme 
prepaiation Foi isolation pin poses, a senes of laige scale incubations 
was earned out as desenbed foi pievious expenments but with a 400-fold 
mciease in all leactants The leaction mixtuie was depioteinized with 
tiichloioacetic acid The supernatant solution was adjusted to pH 7 
mth Ainbeihte IRA-400 and passed ovei a Dowex 50 column in the h}'’- 
drogen foim The column was washed until free from acid and then 
eluted with 1 N tiichloioacetic acid The fractions containmg hydroxy- 
aspartate were combined and the tiichloioacetic acid removed by ether 
e\ti action The solution w'as then adjusted to pH 7 0 with KOH and 
then chiomatogiaphed on a Dow^ex 2 foi mate column After gradient 
elution with 1 n fonnate, the fi actions contaimng hydroxyaspartate w^ere 
combined and l 3 '’ophihzed The residue w'as taken up m a mimmal amount 
of hot watei and the solution cooled wnth lesultmg crystallization The 
compound was lecij'^stalhzed from w'atei Yield, 43 per cent of the hy- 
droxyaspartic acid foimed in the reaction mixtuies 
The isolated compound gave the same Rr as synthetic hydroxyaspartate 
in five different solvent systems Mixtures of the synthetic and isolated 
compounds gave single spots The isolated compound gave the follownng 
analytical data 

C4H7O5N Calculated C 32 22 , H 4 73, N 9 40, N liberated as NH3 by periodate 

9 40, eq wt 74 5 

Found C 32 36, H 4 72, N 9 37, N liberated as NH 3 by periodate 

9 36, eq wt 74 5 

The equivalent w eight was determined by formol titi ation The infrared 
spectra of the isolated compound and of the synthetic hydioxyaspaitic 
acid w^ere identical m eveiy detail 

The isolated hydroxyaspartic acid was optically active [q:]d^ -|-51° ± 2°, 
c, 1 59 in 1 N HCl Furthei work is m progress to establish w'hich tartrate 
IS produced from this armno acid by treatment wnth mtrous acid 
Hydroxyaspartic acid has been shown to inhibit the growTh of E coh 
and Leuconostoc mesenteroides (6), and Kun and coworkeis have observed 
the formation of hydroxyaspartic acid in connection with their studies 
on the tartrate-oxidizing systems of beef heart mitochondiia ■ The phys- 
iological role of this ammo acid in mammalian systems is at present under 

investigation 


SUMMARY 

The formation of hydroxyaspartic acid from dihydroxyfumarate and 
^■glutamate has been demonstrated The reaction appeals to be one 

’ F Kun, personal communication 
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of tiansamination bet^^een oxaloglycolate and glutamate The cnzMinh 
cally pi oduced hydroxyaspartate has been isolated and characterized 

The authors A\ash to express then gratitude to J\Iiss IMaiion Bolton and 
Miss Marj’- Steinei foi valuable technical assistance, and to Di Collin 
Schroedei foi the determination of the optical lotation 
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the incorporation in vitro of 4-AMINO-5-IMIDAZOLE- 
CARBOXAMIDE INTO THE POLYNUCLEOTIDES 
OF PIGEON LIVER CELLS 

TERUHISA NOGUCHI^ and YOSHIAKI MIUllA 

(From the Dcpailment of Biochcimstiy, Division of Health Care and Nwsing, 
Faculty of Medicine, University of Tokyo, Tokyo, Japan) 

(Received for publication, June 1, 1956) 

I-Ammo-S-imidazolecaiboxaiiiide-C^TAICA-C*^) was found to be incoi- 
porated into the polynucleotide puiines and into the allantoin of the rat 
(1), into hypoxanthine in pigeon Iivei homogenates (2), and into ademne 
and guamne fiom nucleic acids of yeasts (3) Williams and Buchanan (4) 
isolated a soluble euz 5 mie system from yeast which mcorpoiated the cai- 
boxannde-C^^ into inosimc acid 

The problem of whethei oi not the caiboxamide pe? se is an inteimediate 
in hypoxan thine synthesis has been investigated by Gieenbeig (5) and b 3 '- 
Schuhnan and Buchanan (6) They demonstrated that the carboxamide 
itself IS not on the path of hypoxanthme synthesis, but that, mstead, a 
derivative of it, the caiboxamide iibotide, is piobably mvolved 

Encouiaged by these lesults, the authois have attempted a series of 
experiments in which the carboxaimde-C“ was incubated with homogenates, 
nuclear fractions, and cytoplasmic pai tides of pigeon hvei to determine 
whether its ladioactivity could be incoiporated in vitro into the polj’’- 
nucleotides of these prepaiations 

EXPERIMENTAL 

Young pigeons weie used as the source of noimal hveis as well as of the 
regenerating livers The lobectomy of hveis had been cairied out 3 or 4 
days prexnously Af tei decapitation of the pigeons, the hvei s v ere pei fused 
With cold saline Foi the piepaiation of homogenates, 2 gm of hvei veie 
treated for 2 imnutes mth a Teflon pestle homogemzei Fractionation 
of subcellulai components vas carried out by the method of Hogeboom 
and Schneider (7) A 20 per cent liver homogenate was made fiom 15 gm 
of hver suspended m 60 ml of a 0 25 m suciose solution containing 0 0018 

CaCb The nuclear fi actions veie obtained by centrifuging the ho- 
mogenates three times at 700 X <7 foi 10 minutes, the mitochondrial fiac- 

* Postgraduate Research Fellow of the Pharmaceutical Institute, the Universitj of 
Tokyo The data in this paper have been taken mainly from the thesis presented bj 
Teruhisa Noguchi to the University of Tokym, in partial fulfilment of the require- 
ments for the degree of Doctor of Pharmacy 
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tion bj- centrifugation at 5000 X g foi 10 minutes, and the niicrosomcs 
veie sedimented by centrifugation at 24,000 X g foi 60 minutes Since 
the time for the final centiifugation was shoitened as compared to the 
instructions given m the oiigmal method, the supcinatant fiaction nn\ 
contain some small pai tides B}-- nncioscopic evannnation, a few enth- 
rocytes were found m the nucleai fractions These fi actions were then 
suspended m 15 ml of the following media, depending upon the tipeof 
expel iment earned out The composition of the incubation media is shown 
as follow s 

The incubation media foi expeiiments conceined with the respiration 
of homogenates and of mitochondiia aie given m millimoles potassium 
phosphate buffer (pH 7 4) 0 105, KCl 1 05, MgCb 0 0495, a-ketoglutarale 
0 045, cjdiochiome c 0 0003, adenosine triphosphate, potassium salt 0015, 
and Solution F, which consists of caiboxamide-C^’' 0 06, iibose-5-pliosphate 
0 06, sodium formate 0 06, and calcium leucovoim 0 0001 The total 
volume is 15 ml 

The incubation media for expeiiments on anaeiobic glycolysis of nuclear 
and of microsomal fractions are given m millimoles potassium phosphate 
buffer (pH 7 4) 0 036, KHCO3 0 375, MgCb 0 105, glucose 0 150, potassium 
pyruvate 0 075, fructose diphosphate, potassium salt 0 030, adenosine 
triphosphate (ATP), potassium salt 0 00495, diphosphopyiidine nucleotide 
(DPN) 0 0033, mcotmanude 0 60, KF 0 150, and Solution F (see aboie) 
The total volume is 15 ml 

The incubation media foi the stud}’’ of aerobic glycolj'sis of microsomal 
and of nuclear fractions are given m millimoles potassium phospiwtc 
buffer (pH 7 4) 0 0495, KHCO3 0 0495, MgCb 0 15, fructose diphosphate, 
potassium salt 0 15, cytochrome c 0 0003, ATP, potassium salt 0015, 
DPN 0 0033, mcotinamide 0 60, and Solution F (see above) The total 
volume IS 15 ml 

The 4-amino-5-imidazolecarboxamide-4-C'‘’ w’as prepared by one of the 
authors (T N ) This compound was chromatographically pure, and its 
specific activity was 14,800 cpm per Aimole The incubations were 
earned out at 37° for 100 minutes For aerobic incubations, the gas 
phase was oxygen Thunberg tubes in vacuo were used undei anaerobic 
conditions 

The extraction of nucleic acids w'as carried out bj'^ the following Jiro 
cedure To 15 ml of resuspended liver fractions was added cold 
trated perchloric acid (PCA) to a final concentration of 4 per cent 
solution w^as clarified by centrifugation, and the residue was washed, wi 1 
centrifugation, successively wath 25 ml of cold 4 per cent PCA wi 1 
2 5 mg of non-labeled AICA, cold 3 per cent PCA (repeated ’ 

cold 1 per cent PCA, cold 1 per cent PCA m 95 per cent EtOH (1 h 
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cold 95 pel cent EtOH, 95 poi cent EtOH-ether (3 1), extracted three 
times m hot i\atei bath, 10 pei cent NaCl, extiacted thiee times in a boil- 
ing natei bath foi 15 minutes, combined supernatant solutions mth 4 
volumes of 95 pei cent EtOH, overnight at —5°, to yield a residue contain- 
ing the sodium nucleate 

When the nucleic acids contained both deoxypentose nucleic acid (DNA) 
and pentose nucleic acid (PNA), sodium nucleate was digested at 37° 
for 18 horns vith 2 ml of 1 n NaOH The degraded PNA was separated 
fiom DNA bj'^ acidification of the solution with HCl, followed by the 
addition of 2 0 volumes of ethanol The DNA was collected by centiif- 
ugatioii The supernatant liquid containing PNA was adjusted at pH 
82 mth NaOH Then, 2 0 volumes of ethanol were added to precipitate 
PNA After hydrolysis vith 1 N HCl at 100° for 1 hour, ademne and 
guamiie veie obtained by use of descending paper chromatography as 
described by Wyatt (8) The spots were detected by an ultraviolet lamp, 
and ademne v as eluted v ith 0 1 n HCl and guamne ivith 1 n HCl The 
quantities of ademne and guanine were detei mined by the Beckman type 
spectrophotometer at 262 5 m/i for ademne and 249 m^i for guanine, re- 
spectively The radioactivities nere deternuned m a Q gas flow propor- 
tional counter and calculated foi samples of mfimte thiimess The pos- 
sibihty of contamination of samples of nucleic acids by adsorbed car- 
boxannde-C^^ was checked b}'’ an experiment m which admixture was 
made of tissue and radioactive substrate mth immediate addition of PCA 
No radioactivity was observed m the isolated poljmucleotide purines 

Results 

Table I demonstrates the results obtained with regenerating pigeon 
bver homogenate The partial hepatectomy had been carried out 4 days 
prior to the experiment The relative specific activities of the PNA 
purines were higher than those of the DNA purines Table II shows 
tbe results vnth nuclear and cytoplasmic fractions of the liver of the same 
pigeon used for the experiments reported in Table I It is of interest to 
pomt out that the incoiporation of caiboxamide-C^^ into DNA vas about 
tbe same order of magmtude m the homogenate as m the nuclear fraction 
As shown in Table II, the relative specific activities of nuclear and cyto- 
plasmic PNA were also in the same order of magmtude 

The results obtamed by the incubation of subcellular fractions are 
demonstrated in Tables HI, IV, and V Practically no ladioactmty 
(Table III) vas detected m mitochondiial purines aftei incubation inth 
mdioactive carboxamide This does not necessarily mean that mitochon- 
dria have no capacity at all for biosynthesis of polynucleotide purines, but 
that some necessary cofactor may be missing On the other hand, the 
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niicrosomes demonstrated a considerable ability to incorporate carboxa 
mide-C*^ into both purines of nucleic acids 
Table IV shovs the compaiison of the course of the incorpoiatiou of 
carboxanude-C^'* into microsomal polynucleotides during anaerobic ami 


Table I 


Incorporation of Carboxamtde-C^* into Polynucleotide 
Purines in Regenerating Pigeon Liver Homogenate 



Specific actiMties 

Relatn e specific actn itj * 

Adenine 

Guanine 

Adenine 

Guanine 


c p Vi per fimole 

c pm per iimoh 



PNA 

272 

179 

1 9S 

1 30 

DNA 

123 

106 

0 89 

0 77 


Specific activity of AICA-C‘^ in the medium = 13,750 c p m per /imolc 

^ ^ , molar activitv of polynucleotide purine 

* Relative specific activity = 100 X ; , : i - - . 

molar activity of AICA in medium 


Table II 


Incorporation of Carhoxamide-C^* into Polynucleotide 
Purines in Regenerating Pigeon Liver Fractions 



Specific activities 

Relative specific nctivit) 


Adenine 

Guanine 

Adenine 

Guanine 

Cytoplasmic PNA 

c P vt perfitnoJe 

208 

c p m per/tmoh 

116 

1 51 

0 SI 

Nuclear PNA 

205 

128 



“ DNA 

127 

98 


^9 


Specific activity of AICA-C” in the medium = 13,750 c p m per pmolc 


Table III 


Incorporation of Carboxaniide-C'^ into Cytoplasmic PNA 
Purines in Regenerating Pigeon Liver Fractions 



Specific activities 

Relative specific activit) 


Adenine 

Guanine 

Adenine 

Guanine 

Mitochondria 

Microsomes 

Supernatant solution mth glycolj^sis 
“ “ “ ATP only 

c p m per 
limole 

16 

262 

96 

4 

c p m per 
fipiole 

18 

249 

57 

2 

0 11 

1 75 

0 64 

0 027 

0 12 

1 CG 

0 3S 

0 013 


Specific activity of AICA-C» in the medium = 15,000 c p m per ^mole 
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aerobic gl3^colysis The expeumeiit has been earned out with hveis of 
normal pigeons, and the results indicate clearly that duiing aerobic gly- 
cob'^sis conditions weie moie favoiable for the incorporation of the labeled 
compound into miciosomal puiines than during anaerobic glycolysis 
The above facts piovide strong evidence in support of the hypothesis 
that the miciosomes are the most active site of nucleic and synthesis in 
cells Some uptake of labeled compound into the nucleic acids of the 


Table IV 

Incorporation of Caiboxamide-C^* into Polynucleotide 
Purines in Normal Microsomes 


Microsomal PNA 

Specific activities 

Relative specific activity 

Adenine 

Guanine 

Adenine 

Guanine 

Aerobic 

c p in per fimole 

25 

c p m per fintole 

33 

0 24 

n 

Anaerobic 

9 

16 

0 09 

1 

■■ 


Specific activity of AICA-C*^ in the medium = 10,600 c p m per ^imole 


Table V 


Incorporation of Carboxamide-C^* into Polynucleotide 
Purines in Nuclear Fractions 




Specific activities 

Relative specific activity 



Adenine 

Guanine 

Adenine 

Guanine 

With aerobic 

Normal liver, PNA 

c P in per 
nmole 

95 

c p VI per 
nmole 

72 

0 65 

0 49 

glycolysis 

“ DNA 

62 

54 

0 42 

0 37 


Regenerating liver, PNA 

248 

138 

1 69 

0 94 


“ “ DNA 

78 

73 

0 53 

0 50 

With anaero- 

Normal liver, PNA 

20 

10 

0 14 

0 07 

bic glycol- 

“ “ DNA 

58 

42 

0 40 

0 29 

ysis 

Regenerating liver, PNA 

24 

21 

0 16 

0 14 


“ “ DNA 

52 

67 

0 35 

0 46 


Specific activity of AICA-C'^ in the medium = 14,650 c p m per ^xmole 


supernatant fraction occurred during aerobic glycolysis, but this may have 
been due to the contamination of this fraction vnth a small amount of 

nucrosomes 

Since no radioactivity was found in the purines of the supernatant frac- 
tion incubated with ATP (Table III) only, it is felt that the incorporation 
of carboxamide-Ci‘* into polynucleotide purines must be coupled v ith some 
energy-supplying system supphed by respiration or glycolysis 
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As shown in Table V, the incoiporation of labeled carboxamide into DX V 
purines wms observed in regenerating liver cell nuclei as well as in iiormtil 
liver cell nuclei Approximate! j' the same amount of radioactniti was 
lecovered from the purines of DNA isolated from samples incubated under 
conditions of either aeiobic or anaerobic glycolysis Howei er, the punnet 
of nuclear PNA w'ere renew ed markedl 3 '- during aerobic glycolysis, cspecialh 
in the case of regenerating livers 

DISCUSSION 

Our prehmmaiy experiments wuth P^- have shown that the incoiporation 
of the labeled phosphorus into the nucleic acids of subcelliilar particlc' 
required some energy-coupling leactions such as respiration or glycol j sis 
As demonstrated m Tables II to V, the incorporation of carboxamide C" 
into microsomes as w^ell as into nuclei w^as accompanied by anaerobic or 
aerobic glycolysis, w'hereas in the slice or homogenate the souice of cnerp 
could be supplied by respiiation (cf (Table I)) 

In regenerating hvei cells, nuclear PNA contained the most ladioactivili 
as showm in Table V In this case, aerobic glycolj'sis w as the most favor 
able source of eneigy This fact seems important fiom the viewpoint of 
neoplastic energy metabohsm Since the early work of Waibiirg (9), it 
has been known that aerobic glycolysis may be an important way to supply 
the energy to tumor tissue where the respiration nnght be restricted 
Although the role of nucleai PNA in metabolism is not clear, man} 
investigatois have noted the considerably active nature of nuclear PNA 
Grossman and Vissei (10) proposed a hypothesis that nuclear PNA miglit 
be a precursor of cytoplasmic PNA This may be true zn situ However, 
according to the results expressed in Tables II and III, the miciosomes also 
have an unusual ability to synthesize cytoplasmic PNA In these expen 
ments it xvould seem that cytoplasmic PNA is synthesized m the same order 
of magnitude as is nuclear PNA 


SUMULARX' 

1 The 4-ammo-5-imidazolecarboxamide-4-C“ was incubated for 100 
minutes wuth pigeon liver homogenate, the nucleai fi action, mitochondria, 
microsomes, and supernatant solution 

2 Incorporation of the labeled compound into polynucleotide adenine 
and guanine wms found m microsomal pentose nucleic acid (PN 
nuclear PNA and deoxypentose nucleic acid 

3 As eneigy -yielding systems, lespnation oi anaeiobic and aeroM' 
glycolysis was required 

4 The site of polynucleotide biosynthesis in cells w as discussed 
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FAT METABOLISM IN HIGHER PLANTS 

VIII SATURATED LONG CHAIN FATTY ACID PEROXIDASE* 

By P K STUJMPFf 

{From the Department of Plant Bxoehemistry , University of 
California, Berkeley, California') 

(Received for publication, April 27, 1956) 

In a pievious communication (1) it ivas reported that an L-a-hydioxy 
aliphatic acid was lequiied as a cofactoi for the limited oxidation of pal- 
mitic acid by a soluble cytoplasmic protein fraction obtained by precipita- 
tion vith anmiomum sulfate from extiacts of cotyledons of germinating 
peanuts This fiaction was designated supernatant enzyme No addi- 
tional cofactors were required, and activity was limited to the long chain 
saturated fatty acids 

This paper vnll piesent results of expeiiments which indicate that a 
specific long chain saturated fatty acid peroxidase is lesponsible for the 
partial oxidation of palmitic acid to carbon dioxide n-a-Hydioxy ali- 
phatic acid serves as a substrate for trace concentrations of glycohc acid 
oxidase which, m oxidizing the substiate, geneiates H 2 O 2 H 2 O 2 , m tuin, 
participates m the peroxidation of the long chain saturated fatty acid 
Evidence vnll also be piesented which indicates that one of the reaction 
products IS a long chain fatty aldehyde 

EXPERIMENTAL 

Preparation of Enzymes — The piocedure employed in piepanng the fatt 3 f 
acid peroxidase is that described by Castelfranco et al (1) We are in- 
debted to Dr Ross C Bean of the University of California for a generous 
supply of glucose oxidase isolated from the red alga Indophycus flaccidum, 
and rattlesnake venom (Crotalus adamanteus), purchased from Ross Allen’s 
Reptile Institute, Silver Springs, Florida, ivas used as a source of L-a-amino 
acid oxidase Glucose dehydrogenase was prepared by the method of 
Strecker and Koikes (2), and horse-radish pei oxidase was obtamed from 
Dr E E Conn of this Department 

Luciferase was piepared by the method of McElroy et al (3) from freshly’’ 
harvested cells of Achromobacter fischen, the bacterial luciferase being 
stored at —10° for several months without appreciable loss in activity 

A report of this work was presented at the Forti’-seventh annual meeting of the 
American Society of Biological Chemists at Atlantic City, April, 1956 

t This vork Mas supported in part bj a grant from the National Science Founda- 
tion 
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Palmitic acid-l-C“ was obtained from Tracerlab Inc 
Boston, and other radioactive fatt 3 '- acids were supplied Dr I L Clni' 
ko£f, Department of Physiology, Umversity of Cahfoinia The Tns' salt 
of DPNH was obtained fiom Dr E E Conn, and flann monojibosplnte 
was purchased from the Nutritional Biochemicals Corporation, Clc\ eland 
Ohio The ammomum salts of long chain fatty acids were prepared a-; 
described previously (1) 

Methods — Respiratory COo, derived from the oxidation of labeled aib 
strates by the peroxidase-catalyzed system, was isolated and counted 
as previously described (1) Long chain fatty aldehydes vere a'^ajed 
quahtatively by the luciferase method developed by McElroy ci al (3), 
and hght intensity wms measured by the Photovolt multiplier photometer, 
model No 520-M, obtained from the Photovolt Corporation, 95 Madison 
Avenue, New York 16, New York Light intensity is recorded as arbi 
trary hght umts on the photometnc scale of the photometer In the tc.t 
procedure, a 0 1 ml aliquot of the reaction mixtuie is added to the luci 
ferase system contammg the following components 0 5 ml of 0.1 m pho- 
phate buffer at pH 7, 0 05 ml of 1 per cent bovine albumin, 1 4 in! of 
water, 0 2 ml of 2 X 10~^ m flavin monophosphate, 0 05 ml of luciferase 
preparation, and 0 1 ml of 10~^ m Tns DPNH The maximal reading on 
the photometric scale, usually attained m 1 minute, is proportional to the 
’concentration of aldehyde present The test system is specific for long 
chain aldehydes, long chain ketones and alcohols are ineit 

Results 

Role of Hydrogen Peroxide — It has been previously reported that either 
glycolic acid or one of a series of L-a-hydroxy aliphatic acids was required 
m the reaction system, since the enzyme catalyzed release of C”Oj from 
palmitic acid-l-C“ under aeiobic conditions (1) The enzyme responsible 
for this catalysis is found in the supernatant fraction obtained by centri 
fuging at 100,000 X ff foi 1 hour both the rmtochondria and the microsomcs 
from homogenates of cotyledons of germinating peanuts If this extract 
is then submitted to an acid-ammomum sulfate treatment, as emplojcd 
by Warburg and Christian to resolve flavoproteins (4), a preparation is oi) 
tamed which is inactive unless both flavin monophosphate and gb colic 
acid are added Since Zehtch and Ochoa (5) have shown that the cnrinie 
responsible for the oxidation of glycolic acid is a flavin monophosphate 
activated protein, the data gave support to the possibility that ghmlic 

^The following contractions are emplo3'ed Tris, tns(hj'clro\jmc(lol)'inii»c 
methane, DPN, diphosphopj'ridine nucleotide, DPNH, reduced diphosp lopj f" ‘ 
nucleotide 
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acid oxidase pai ticipated in some mannei in the oxidation of palmitic acid 
Glycolic oxidase catalyzes the following reaction 

Glycolic acid + O2 — » gIyo\ylic acid + H2O2 

When an HjOo-geneiating system is added to a leaction mixture of palmitic 
acid-l-C“ and fatty acid peroxidase, lapid lelease of C“02 is observed 
No glycolic acid lequnement is now demonstrable As presented in 
Table I, thiee completely diffeient types of H202-generating systems may 


Table I 

Activation of Fatty Acid Peroxidase by H^O^. Generating Systems 


Sj stem 

C p m as C>K)2 

Supernatant enzyme -f- L-amino acid oxidase 

130 

“ “ “ “ -f- L-leucine 

2638 

“ “ -f- glucose dehydrogenase H- glucose -f- M B 

“ ” -f “ “ + 

117 

DPN 

1497 

Supernatant enzyme -f- glucose oxidase 

120 

“ “ -f- “ “ -b glucose 

2900 


Each Warburg cup contained 0 5 ml of supernatant enzyme (10 mg of protein), 
01 pmole of palmitic acid-l-C‘^ (3700 cpm ), 50 /imoles of potassium phosphate 
buffer at pH 7 3, and, as indicated, 200 y of L-amino acid oxidase, lO^imoles of L-leu- 
cine, 0 1 ml of a liver glucose dehydrogenase preparation, 100 ^jmoles of glucose, 
100 7 of methylene blue (hi B ), 0 1 /imole of DPN, and 0 1 ml of a preparation of 
glucose OMdase (/ Aacadinii) The total volume in each case v as 1 7 ml 0 2 ml of 
20 per cent KOH in the center well and 0 3 ml of 10 n H 2S04 in the side arm Time, 
1 hour at 25” 

be coupled to the peroxidase which catalyzes the breakdown of palmitic 
acid In each case fatty acid peroxidase is an absolute requirement 
The direct addition of reagent H 2 O 2 to the reaction mixture results in 
lather low activation A similar lack of participation by reagent H 2 O 2 ni 
a peroxidation reaction has been observed mth the tryptophan peroxidase 
(6) and vith the catalase-catalyzed oxidation of ethanol (7) 

The addition of catalase to the complete system does not result in marked 
inhibition The inabihty of catalase to prevent the action of the peroxidase, 
the inertness of reagent peroxide in the test system, and the activation 
glj'nolic acid in a system in which the glycolic acid oxidase occurs in 
lou activity v ould suggest that the peroxidase acts only v ith enzymatically 
generated peroxide maintained at a low level, and that the affinity for the 
foimed pel oxide must be necessarily high The peroxidic oxidation of 
saturated fatty acids is apparently associated vith a specific protein 
Thus, horse-radish pei oxidase in the presence of a peroxide-generating 
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system, but in the absence of fatty acid peroxidase, does not cntaljvo the 
release of CO 2 from palmitic acid-l-C” 

Inhthfors — ^Earher work showed that the reaction is inhibited b> hj- 
droxylaimne, imidazole, semicarbazide, and arsemte (1) Further studies 
now indicate that azide and cyamde are also effective inhibitors The 
peroxidase is somewhat insensitive to cyamde since concentrations of 
10~^ M cyamde give httle inhibition, however, at 10~* concentration 
70 per cent inhibition is observed Azide, on the other hand, is an effcctnc 
inhibitor since concentrations as low as 5 X 10“® m will give 87 per cent 
inhibition Although azide has no effect on the peroxide-generating 
systems, it is a well known inhibitor of peroxidases (8) 

Specifidiy — ^Table II summarizes the activity of the peroxidase toward 


Table II 

Specificity of Fatty Actd Peroxidase 


Substrate 

Per cent C>* . 
as C«Oi 

Substrate 

Per crat C" 
as C»0i 

Capnc acid-l-C^^ 

0 

Palmitic acid-3-C*‘ 

0 

Launc acid-l-C^* 

<2 

" acid-ll-C>< 

0 

Mynstic acid-l-C^^ 

46 

“ acid-15-C» 

0 

Palmitic acid-l-C‘* 

50 

Stearic acid-l-C’* 

15 

" acid-2-C‘< 

0 


1 


Each manometer cup contained 0 5 ml of supernatant enzyme (10 mg of protein)) 
0 1 /imole of the ammonium salt of the suitable fatty acid, 20 /imolos of n leucine, 
200 y of L-ammo acid oxidase, and 50 /imoles of potassium phosphate buffer, pH 7 3 
The final volume was 1 5 ml 0 2 ml of 20 per cent KOH in the center well and 0 3 
ml of 10 N HsSOi in the side arm Time, 1 hour at 25° 


vanous substrates The peroxidase will catalyze only the release of C0< 
from the carboxyl group of long chain fatty acids but will not participife 
m a progressive internal oxidation In addition, oxidation is limited to 
the long chain fatty acids (Ci 4 , Cie, Cis) , the lower homologues are inert 
Since isotopically labeled unsaturated fatty acids are unavailable, no 
tests were carried out for the release of C ‘^02 
Reachon Products — ^A solution of the problem of the identity of the 
reaction intermediates which occur in the oxidation on the long chain 
fatty acid by the peroxidase is dependent on the development of sensitnc 
methods for their detection Paper chromatography has not been a 
useful tool for the preparation of small amounts of long chain fatty nci( 
reaction products However, it has been possible to demonstrate 1 m 
long chain fatty aldehydes are produced McElroy et al (3) and Cormier 
and Strehler (9) have shown recently that luminescence occurs w ic 
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DPNH, flavin monophosphate, and a long chain fatty aldehyde are added 
to an extract of A fischen Long chain ketones and alcohols are inert 
in the A fischen system When this system was used as an assay method 
for the detection of long chain fatty aldehydes, a definite lelationship 


Table III 

Formation of Long Chain Aldehydes its Function of HiOi-Generating System 


System 

Light units 

Supernatant enzyme 


“ “ -f- glycolic acid 


“ “ -f glucose 


“ “ + “ + glucose oxidase 

15,000 

“ “ -}- glucose oxidase 

1,800 


Each reaction mixture contained 0 1 /imole of ammonium palmitate, 0 5 ml of 
supernatant enzyme (10 rag of protein), 20 pmoles of potassium phosphate, pH 7 3, 
and, as indicated, 10 /xmoles of glycolic acid, 100 /imoles of glucose, 0 1 ml of a glu- 
cose oxidase preparation (/ flaccidum) The total volume was 0 8 ml The reac- 
tions vere earned out in 10 ml glass-stoppered weighing bottles at 30° on a shaker 
After 1 hour, 0 1 ml aliquots were delivered into the luminescent system consisting 
of 50 ;imoles of phosphate buffer at pH 7 0, 0 5 mg of bovine albumin, 0 04 /imole of 
nboflavin monophosphate, and 0 05 ml of bacterial luciferase Thereafter, 0 14 
pmole of DPNH was rapidly added and the maximal light intensity measured by the 
photomultiplier apparatus 


Table IV 

Substrate Specificity for Aldehyde Formation 


Substrate 

Light units 

Capric acid 

0 

Laurie “ 

200 

Myristic acid 

17,200 

Palmitic “ 

15,000 

Stearic “ 

2,600 


The reaction was carried out in essentially the same manner as in Table III 
Glycolic acid was employed as the H 202 -generating system 


between peroxidase activity and long chain aldeh3’'de formation was con- 
sistently observed Thus, in Table III are summarized data which demon- 
strate the requirement for an HcOa-generating system in the formation of 
long chain aldehydes Furthermore, substrate specificity for long chain 
aldehyde formation (Table IV) and the release of C'^Oa from carboxyl- 
labeled fatty acids are strikingly parallel The addition of alcohol 
flohydrogenase from horse hver to the fatty acid peroxidase S3’’stem greatly’ 
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depi esses the ability of this s^'steni m stimulating the luminescent actniti 
of the luciferase assay sj'-stem This suggests that the long chain alde- 
hydes which are imtiallj’- formed are being removed by i eduction to the 
corresponding alcohols 


DISCUSSIOX 

Fatty acid peroxidase may now be added to the gioup of pelo\l(lase^ 
which have well defined substrate specificit 3 '- Thus, tryptophan pei oxidase 
and cytochrome c pei oxidase, unhke the geneial peroxidases such as horse 
radish peroxidase, have the unique property of high substrate spccificih 

Little IS knovn about the stoichiometiy of fatty acid oxidation and 
aldehyde formation Thus, other products may veil be accumulating 
which have thus far escaped detection Since Castelfranco et al (1) dem 
onstiated that /3-keto palmitic acid is inert, alkyl methjd ketones are prol) 
abb'’ pioduced a-Keto palmitic acid is decai boxylated bj' peanut 
extracts However, this substiate does not foim significant quantities of 
aldehydes, indicating that it does not undergo a simple anaerobic dccar 
boxylation Furtheimore, a-keto palmitate decarboxylation is indepcnd 
ent of an H 202 'generating system 

Since the decai boxylation of fatty acids urns paiallel to the forniation 
of long chain aldehydes, it is possible that only a straight chain saturated 
fatty acid is degiaded to aldehyde wth 1 less carbon atom, which is released 
as CO 2 However, at present little information is available to indicate 
that long chain satin ated fatty aldehydes vuth an odd number of caiboii'' 
or the corresponding reduction products, the long chain fatt}' alcoliob, 
accumulate in plant material 

In summary, germinating peanut cotyledons contain at least three 
mechamsms foi the oxidation of long chain saturated fatty acids (1) 
the specific fatty acid peroxidase described in this papei, (2) a miciosonial 
system which catalyzes a stepvuse degradation of long chain saturated 
fatty acids (10) , and (3) the conventional /3-oxidation pathwa}' locnlircd 
in mitochondrial particles which oxidize both short and long chain fatti 
acids to acetyl coenzyme A units (11) 

SUMMARY 

In extracts of cotyledons of germinating peanut seedlings, tlieic occur' 
a specific long chain fatty acid peroxidase which pei oxidizes steaiic, pnl 
mitic, and myristic acids vith a loss of the caiboxyl carbon as CO; am 
the accumulation of a long chain fatty aldehyde The eiizvme is inhibits 
by cyanide and azide but not by catalase The role of glycolic acid, pre 
viously reported to be required as a cofactor, is that of serving as a sin 
strate for glycolic oxidase vhich occuis in the enz 3 '’me preparations 
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the oxidation of glycolic acid, H2O2 is foimed, which then couples into the 
pel oxidase sj''steni 
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PARTIAL DEGRADATION OF THE BENZENE RING OF 
ESTRONE ISOLATION OF CARBON ATOMS 
2 AND 4-^ 

By HAROLD WERBIN and CLAYTON HOLOWAY 

{Fwm theAigonne Cancel Reseat ch Hospital and the Department of Biochemistry, 
University of Chicago, Chicago, Illinois) 

(Received for publication, March 20, 1956) 

The biosynthesis of the estiogens fiom C^^-labeled acetate has been 
demonstrated both tn vivo and in vitro (1-5) A determination of the 
djshibution of ladioactivity in the labeled estrogens may make possible 
an elucidation of the mechanisms involved in the biosynthetic pathway 
from acetate AJ though the cleavage of the D iing of the estiogens has 
been reported (6, 7), the degradation of the benzene ring apparently has 
not yet been accomplished This paper describes the application to 
mtroestrones of the bromopiciin “split, which results m the isolation of 
carbon atoms 2 and 4 of the benzene iing as bromopiciin (tiibromonitio- 
methane) For this purpose, the 2-, 4-, and 2 , 4-dimtroestrones and 2,4- 
dinitro-17-deoxoestrone were synthesized A comparison of the melting 
points of the mtroestrones with the same steroids reported in the literature 
(11-13) indicates that previous workers had isolated mixtures rather than 
the pure steroids Fiom the spectioscopic data lepoited in this com- 
munication, it appears that the previous assignment of the nitio groups in 
the 2- and 4-mtroestrones should be reversed 

EXPEEIMENTAL. 

All meltmg points were taken on a Fish ei -Johns melting point block 

2- and 4-Nitroeshrones ^ — The mtrating procedure described by Niederl 
and Vogel (11) was employed 100 mg of estrone ivere dissolved m 3 ml 
of boihng acetic acid When the temperature of the solution reached 
45°, 47 jul of concentrated nitric acid were added slowly with mixing, and 
the yellow solution was allowed to stand overnight at room temperature 

* Supported in part by an Institutional Grant of the American Cancer Society 
Presented before the Forty-seventh annual meeting of the American Society of Bio- 
logical Chemists, Atlantic City, April 16-20, 1956 

'This phrase refers to the veil known degradation of nitro and polynitrophenols 
by heating with hypohalite (8, 9) Rafelson et al (10) used this reaction to degrade 

quinoline derivative 

“ The 2 nitro and 4-nitro group assignments are the reverse of those made bi 
^bederl and Vogel (11) and Hillmann-Elies el al (13) The spectroscopic data pre- 
sented in this paper support the new assignments 
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The yellow crj^stals of 4-mtroestrone weie filtered, 'slashed lufli accfic acui 
and dried The steroid, after ciystalhzation fioin aqueous acetic acid' 
decomposed between 270-280° Other workeis (11, 13) have reported a 
value of 258° for this steroid 

Ci 8 HsiNO< Calculated, C 6S 55, H 6 71, N 4 44, found, C CS 49, H G 86, N 4 41 

Treatment of 4-mtroestrone with acetic anh5’-dride and pyndine at room 
temperature juelded the acetate, wluch melted at 139 5-140° aftei ensfal 
lization from aqueous methanol 

The acetate was chromatographed on a column of aluminum oxide 
(A'lerek, acid-washed) and eluted xxnth benzene After twn crystallizations 
from aqueous methanol, the colorless steroid melted at 163-165 5° Hil! 
mann-Elies ei al (13) report 166° 

CsoHjjNOs Calculated, N 3 92, found, N 4 00 

The 4-mtioestrone, isolated after the hydrol3'’sis of the acetate with 2 jx* 
cent methanolic potassium hj’-droxide foi 2 hours at room temperate, 
had the same decomposition point, ultraviolet absorption, and infrared 
spectra as the mtrosteroid that crystallized from the nitrating mixture 

The refluv of 4-nitroestrone in absolute alcohol containing methyl iodide 
and sodium resulted m the foimation of 4-nitroestrone meth}^ ether, nip 
254 5-257 5° (decomposition), after crystallization from absolute alcohol 
Niederl and Vogel found 150° 

CigH-sNOi Calculated, N 4 25, found, N 4 22 

The filtrate fiom the 4-nitioestrone filtration xvas poured into 30 ml of 
xvater, and the j’-ellow’^ precipitate xvas filteied and dried A benzene solu 
tion of the steroid mixture xx^as placed on a column of 20 gm of Mcrek 
aluminum oxide Elution xx^as earned out xvith benzene and \uth benzene 
containing 1 per cent methylene chloride Ex'-aporation of the solvenfs 
left 2-nitroestione, xx'-hich xx^as crj'^stallized from 80 pei cent alcohol, mp 
183 5-184°, reported at 155° (13) 

CisHjiNO^ Calculated C 68 55, H 6 71, N 4 44 
Found “ 68 41, “ 6 63, “ 4 52 

The 2-mtroestrone acetate, m p 174 5-176 5° (literature 146° (13)), ''1“' 
prepared as desciibed aboxm for the 4-mtro denvatixm The melting point 
was unchanged aftei elution of the steroid acetate fiom a column of alumi 
num oxide 

CsoH^NOs Calculated, N 3 92. found, N 3 9S 

The rest of the material (from the mononitration mixture) in the colnnii^ 
of aluminum oxide was eluted xxith methanol, and infrared examination 0 
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this material indicated the presence of 4-nitioestione and 2,4-dimtro- 
estrone It seems likely that the steioids precipitated by the other woikeis 
(11, 13) by pouiing all of the nitrated estrone mixture into water were the 
2-, 4-, and 2,4-dinitioestiones Their crystallization procedures do not 
seem to have jnelded puie mononitroestrones This may account for the 
disci epaiicies in melting points between the mtrosteroids and derivatives 
isolated iii this study and those lepoited previously 

2.4- Di7iitioesiione — 100 jul of concentrated mtiic acid veie added mth 
Stirling to 10 ml of glacial acetic acid, at 45°, containing 200 mg of estrone 
The solution, after standing overnight at room temperature, was poured 
mto 200 ml of water , and the mixture was extracted exhaustively mth 
ether The latter vas dried over anhydrous sodium sulfate and concen- 
trated in vacuo to dryness After tn o crystallizations from 80 per cent 
alcohol, the residue yielded 2,4-dinitroestrone, mp 185-187° (literature, 
275° (12)) 

CisHsoNoOe Calculated C 59 99, H 5 59, N 7 78 
Found “ 60 08, “ 5 64, “ 7 65 

The dimtroestrone, after chromatography on aluminum oxide and crystal- 
lization, showed the same melting point The acetate melted at 185 5-186° 
and mixed melting point vith 2,4-dimtroestrone was 140-150° Chro- 
matography on alunnnum oxide, followed by crystallization, raised the 
melting point to 187-188 5° There was some hydrolysis of the acetate on 
the aluminum oxide column 

C20H22N2O7 Calculated, N 6 96, found, N 7 01 

2 .4- Dimtro-17-deoxoestrone — 17-Deoxoestrone, m p 131-133 5°, was pre- 
pared by a Wolff-Kishner reduction of estrone 93 mg were dimtrated as 
described above The crude dmitrosteroid was taken up m a imxture of 
1 part of benzene -with 3 parts of petroleum ether of low boiling point and 
placed on a 30 gm column of Merck aluminum oxide The column vas 
developed vnth 400 ml of 3 1 petroleum ether-benzene and 200 ml of 1 1 
peti oleum ether-benzene Elution of the desired steroid vas accomphshed 
with 600 ml of benzene and 500 ml of benzene which contained 0 3 per 
cent methanol Evaporation of the solvents left an oil which could be 
crystallized fiom a methanol-water mixture (20 1) 2,4-Dmitro-l7- 
deoxoestrone, melting at 100-103°, was obtained Further crystallization 
gave a product which melted at 103 5-104° 

CisHsoNoOs Calculated C 62 41, H 6 40, N 8 09 
Found “ 62 46, “ 6 59, “ 8 14 

Conversion of 4-Nttroestrone to 2 , 4 -Dinitroesirone — 4-Nitroestrone dis- 
solved in glacial acetic acid v as nuxed with 1 equivalent of concentrated 
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nitric acid at 45° After standing overnight at loom temperature ihr* 
dimtrosteroid vas isolated as described above foi 2,4-dimtroestronc 
After crj’-stallization from 80 per cent alcohol, the compound vns found to 
be identical uath 2,4-dinitroestrone on the basis of melting point and in 
frared spectrum 

Preparahon of Niiro-S ,4-'cylenols — The 2-nitro-, 6-mtro-, and 2,C-dini 
tro-3,4-x3denols were prepared bj’- the procedures described by Holler r/ol 

(14) The melting points were m agreement uith those uhich ba\e been 
reported 

7-Nitro- and 6 ,7-Dimtro-6-liydroxyteiiahn — K mixture of 5- and G 
hydroxytetrahns m glacial acetic acid v as nitrated with 1 equivalent of 
concentrated nitric acid at room temperatuie The resultant mixture of 
nitro compounds was chromatographed on a column of aluminum oxide 
The material eluted with 30 per cent benzene in peti oleum ether gn\e7 
mtro-6-hydroxytetrahn, m p 88-88 5°, when crystallized from alcolid 
(literature, 88° (15)) Elution with 75 per cent benzene m petroleum ctl 
resulted m an oil that could not be crystallized Elution until benzenes f 
evaporation of the solvent left 5,7-dimtro-6-hydroxytetiahn After err 
talhzation fiom alcohol, the melting point was 140-142° (literature, 1-12 

(15) ) 


Bromoptenn Split of Nitrosteroids 

Method A Isolation of Both Bromopicnn and Carbon Dioxide from 
Reaction — To 0 3 mmole of dimtroestrone or 0 6 mmole of monomtroestrone 
(small crystals) and 600 mg of calcium oxide, previously heated for 1 Iiour 
in a platinum crucible over a Fisher burner, in a 50 ml three-necked flask, 
weie added 3 ml of boiled, distilled water The flask was stoppered and 
protected by a tube containing lime It was heated on a boiling natcr 
bath to perrmt formation of the calcium salt of the nitrosteroid and va 
placed in an ice-salt imxture at —5° 250 ^1 of bromine were added mtli 

stirring over a 10 rmnute peiiod, 5 ml of boiled distilled watei uerc added, 
the contents of the flask weie mixed thoroughly, and a downuard condenser 
was attached The outlet was inserted in the mouth of a chilled o ml 
centrifuge tube The flask was heated gently over a free flame, mIifI' 
caused the bromopicnn to be distilled mth the water For the clca\ 
age of 2,4-dinitro-17-deoxoestione, it was necessary to distill unth stcim 
or, alternatively, the contents of the flask u ere brought to a boil, and ( i<^ 
bromopicnn uas earned over with a gentle stream of nitrogen (^) 
the distillate no longer earned over oil droplets of bromopicnn, the ( i- 
lation was stopped, and the condenser was fitted u ith a tube containing m 
while the contents of the flask were cooled to room temperature 
neck of the reaction flask was fitted with a dropping funnel coiitainiiu 
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ml of 50 per cent sulfur ic acid by volume Another neck was fitted with 
a gas inlet tube The funnel and the gas inlet tube were connected in 
parallel to mtiogen which came from a barium hydroxide scrubber The 
condenser was inserted through a 1-hole rubber stopper to the bottom of 
a 25 ml suction flask contaimng phenol at 50° The outlet of the suction 
flask was connected in senes to three 50 ml centrifuge tubes, each contain- 
ing about 15 ml of barium hydi oxide-potassmm hydroxide solution (10 1) 
and 60 fi\ of ?i-oct3d alcohol The acid solution was allowed to run into 
the reaction flask undei mtiogen piessuie After mtrogen was passed 
through the acidified reaction nuxtuie for 45 nunutes, the barium carbonate 
in the centrifuge tubes was filteied under a mtrogen atmosphere through a 
previously weighed sintered glass funnel with a J mch-thick asbestos mat 
The harium carbonate was washed thoroughly with carbon dioxide-free 
distilled water and then mth methyl alcohol The sintered funnel was 
dned at 110° oveimght before being weighed The carbon dioxide from 
knoivn amounts of sodium carbonate could be determined mth an accuracy 
of ±3 per cent when the above procedure was employed (with omission of 
the calcium hypobrormte and the distillation) When the entire procedure 
was carried out mth the ormssion of the nitrosteroid, between 1 and 2 mg 
of barium caibonate were obtained 

The 5 ml centrifuge tube contaimng the aqueous distillate and the 
bromopicrin was centrifuged, and the aqueous layer was siphoned off The 
bromopicrin was washed twice mth 3 ml of water, followed by centiifuga- 
tion each time It was transferred mth 300 /il of methylene chloride to 
a small test tube The methylene chloride was dried over anhydrous 
sodium sulfate, filtered through a small sintered glass funnel into another 
previously weighed test tube, and evaporated at 65° The open tube, 
after standing 2 hours at room temperature, was weighed again This 
method of isolation, when apphed to 6 7 to 77 3 mg of bromopicrin, re- 
sulted in a loss of 3 6 ± 1 4 mg A sample of bromopicrin fiom the cleav- 
age of 2 , 4-dinitroestrone isolated in this manner was subjected to infraied 
analysis, and the absorption spectrum agreed with that of pure bromopicrin 
(16) 

Method B Isolation of Bromopicrin — This procedure is a modification 
of that described by Baddiley et al (17) To 0 15 mmole of dimtroestrone 
or 0 3 mmole of monomtroestrone in a 70 ml round bottomed flask a\ ere 
added 600 mg of calcium oxide and 3 ml of distilled w ater The nnxture 
was heated in a boiling water bath and then chilled to 0°, after w'hich 250 
f^l of bronune were added wnth stirring In a 250 ml beaker w ere placed 
27 ml of distilled wmter and 5 1 gm of calcium oxide The mixture w as 
stirred by means of a magnetic stirrer and chilled to 0° while 1 8 ml of 
bromine were added The mixture set to a solid paste which was trans- 
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f erred to the Bask containing the mtrosteioid The contents were ini\«l 
thoroughlj’-, and a downward condcnsei ^\as attached to the flnsk, wlurh 
nas then heated with a free flame until no more bromopicnn distilled o\cr 
WTth the water The bromopicnn w'as isolated as described abo\c under 
Method A, and infrared analysis disclosed the presence of a minor com 
ponent, possibly diniti otetrabromoethane 
The infiared data were obtained with the use of a Peikin-EImei model 
21 spectrometer and potassium bromide disks A Beckman model 111 
spectrophotometer w^as employed for the ultranolet measurements 


RESULTS AND DISCUSSION 

The bromopicrm split of the nitrosteroids can be of value in elucidating 
biosynthetic pathw'ays for the estrogens only if the positions of the nitro 
groups aie established The data m Tables I and II suppoit the tenia 
tive assignments given in this paper and aie at variance with assignmcnf' 
made prenously (11, 13) Table I show's that m the 280 m^i legion 2-iiilrt> 
3,4-\ylenol has a lower absorption maximum and extinction coeffici 
than the 6-nitio deiivative This may be attributed to steiic inhibition o 
the 2-nitro group lesonance w ith the benzene ring (18) The same explani 
tion w'as offered by Holler cl al (14) to account foi the data in the 100ni;i 
legion for the sodium salts of these compounds (Table II) These phe 
nomena also seem to apply to the 2- and 4'iutroestiones A Fisher 
Taylor-Hirschfeldei model of 4-nitroestrone levealcd that the methvlcne 
group adjacent to the mtio group prevented full coplanarit}' of theinfler 
W'lth the benzene ring The agi cement in absoiption maxima and cxtinc 
tion coeflicients show'n m Table I for 2-nitroestrone, 2,4-dinitrocsfronc 
and their coriesponding model compounds is close, although the absorption 
spectra of 4-mtroestrone and its model compound do not coincide Hon 
ever, it w'as converted to 2,4-dimtroestrone, identical in every respect with 
the same steroid prepared by the dinitration of estrone 

Compounds of similar stiucture fiequently exhibit close agi cement in 
their infrared absorption bands because of the presence of such groups n' 
nitro and aromatic C — H, for example There should be closer agreement 
in the absorption spectra (fingerprint region) of each nitrosteroid and it 
model compounds than among the x'-arioiis mtrosteroids The data m 
Fig 1 indicate that this is the case and offer further evidence for the nitro 
group assignments made from the ultraviolet absorption data in Tables 
and 11 The four dinitro compounds show' strong absorption ban s a 
744 to 745 cm “h 763 to 766 cm “h and 902 to 909 cm 2-Nitroestrom 
and its model compounds have absoiption bands at 760 to 7C2 cm 
865 to 866 cm “h and 886 to 889 cm The 865 cm band falls in ^ 
region of the aromatic C — H deformation vibration expected m a > 
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5 -tetrasubstituted aiomatic compound® 4-Nitroestrone and 2-nitro-3,4- 
xylenol show bands at 1029 and 1027 cm respectively, that are ab- 
sent from all the othei compounds studied Bands at 824 cm in the 
former substance and at 812 cm in the latter may be caused by aromatic 
C — H defoimation vibiations ® 

The amounts of bromopicrin and caibon dioxide isolated fiom the par- 
tial degradation of the nitrosteioids by Method A are shown m Table III 
Since both the 2- and 4-nitroestrones jueld bromopicrin, it may be assumed 
that the bromopiciin resulting from the cleavage of both dimtrosteroids 
IS derived from caibon atoms 2 and 4 Carbon dioxide was isolated fiom 


Table I 

Ultraviolet Absorption Maxima and Molar Extinction Coefficients 
of Nitrocstrones and Model Compounds 


Compound 

Maxima 

B 

Maxima 

B 

Alaxima 

e 


fn/t 


m}x 


mu 


2 Nitroestrone 

293-294 

8220 

364-366 

3710 



7 Nitro-6 hydroxytetralin 

293 

8170 

367-369 

3655 



6 Nitro-3,4-xylenol* 

282-284 

9285 

357-358 

4585 



4 Nitroestrone 

278 

1720 





2 Nitro 3,4-xylenol* 

278 

5310 

360 

2780 

244 

3560 

2 , 4-Dimtroestrone 

276 

6890 

353 

3405 

430 

1050 

2,4-Dinitro-17-deoxoestrone 

278-279 

6760 

353-354 

3575 



5,7-Dimtro 6-hydroxytetralin 

275-276 

6495 

354-356 

3270 

433-437 

wm 

2,6 Dinitro-3,4-xylenol 

274 

6795 

350 

3605 

424 

m 


* Hexane solution All the others were in absolute alcohol The data on the 
xylenols are taken from the work of Holler et al (14) 


the bromopicrin split of every mtrosteroid In the case of the dmitro- 
steroids, part of the carbon dioxide comes undoubtedly from carbon atom 
3 However, more carbon dioxide was isolated than can be accounted for 

“In pentasubstituted and 1,2,4,5-tetrasubstituted aromatic compounds, the 
C H deformation vibration has been reported to occur between 876 and 859 cm 
In the 1,2,3,4-tetrasubstituted derivatives, the absorption is found around 800 to 
829 cm ~i (19, 20) Polymtroaromatic compounds appear to be exceptions to these 

correlations (21) 

Hillmann-Ehes el al (13) found a band of moderate intensity at 864 cm in the 
spectra of their monomtroestrone acetate, m p 166° Therefore, thej’’ assigned the 
mtro group to the 2 position in this steroid This band v as not present in the spectra 
of either the 2- or 4-nitroestrone acetates prepared in this studj’^ The use of a single 
absorption band (864 cm “9 appears to be insufficient evidence upon which to base a 
aitro group assignment 
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from this position alone The degradation of cyclopentaiionc i\ith 
cium hypobromite gave rise to carbon dioxide Therefore, some of 
caibon dioxide from the degradation of 2,4-d3nitioestrone and the mono 
nitroestrones may result from the degradation of ring D It will be nccc^ 
sary to determine the nature of the degradation products other than 



Fig 1 Infrared spectra of nitrosteroids and model compounds m (lie 700 
cm region The lengths of the lines represent relative intensities 
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bromopiciin and caibon dioxide befoie the oiigin of the latter can be known 
inth ceitainty 

The data in Table III show that, by using Method B foi the bromopicrin 


Table II 

Absoiption Spectia of Sodtum Salts of Monomh oesti ones and Xylenols 


Compound 

Maxima 


2 Nitroestrone 

inn 

436-437 

4635 

4 Nitroestrone 

429^31 

1031 

6 Nitro-3,4-\ylenol* 

432 

5380 

2 Nitro-3,4-\ylenol* 

418-420 

780 


* The data are taken fiom Holler et al (14) 


Table III 


Bromopicrin “Split" of Nitroestrones 


Steroid 


Bromopicrin isolated 

Carbon 

dioxide 

isolated 

Method A 

Method A* 

Method B* 


mmole 

mmole 

mmole 

mmole 

2 Nitroestrone 

0 635 

0 074 


0 35 


0 635 

0 060 


0 43 


0 322 


0 055 


4 Nitroestrone 

0 635 

0 032 


0 25 


0 635 

0 057 


0 46 


0 338 


0 062 


2,4 Dinitroestrone 

0 280 

0 041 


0 42 


0 302 

0 16 




0 305 

0 12 


0 53 


0 305 

0 22 


0 51 


0 139 


0 095 



0 147 


0 14 


2,4 Dinitio-17-deoxoestrone 

0 289 

0 055 


0 34 


0 289 

0 064 




* Methods of degradation emploj^ed as described under “Experimental 


split of the niti osteroids, about twice as much biomopicrin can be isolated 
as can be obtained with Method A However, no attempt vas made to 
measure quantitatively the carbon dioxide aiising from the use of Method 
B since the origin of the caibon dioxide avas unceitain With IMethod B, 
the bromopicrin had a minor component not observed in the bromopicrin 
from Method A 
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SUMMARY 

2-Nitro-, 4-nitro, and 2,4-dimtroestrone and 2,4-dimtro-17-dco\ocslrone 
nere S 3 mthesized A comparison of the spectroscopic data from liico 
steroids nith those obtained from model compounds makes it possible 
tentativelj'- to assign positions to the mtro groups on the benzene ring 
All the mtrosteroids ere partiallj'' degraded to bromopicrm and carbon 
dioxide nhen subjected to the biomopicnn “split ” The origin of the enr 
bon dioxide has not been established, but the bromopicrm from the 2 m 
tro- and 4-nitioestrone is derived from caibon atoms 2 and 4, respectuch 

The authois are indebted to Dr Preston Perlman, Scheiing Corporation, 
Bloomfield, New Jersey, foi a geneious gift of estione, the able assistance 
of Mr Laivience Shaderou'fsky is acknowledged, and thanks are due fo 
IN'Ir Rogei Pickeiing for the infiared measurements 
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OPTICAL CHANGES OCCURRING DURING THE ACTION OF 
PHOSPHODIESTERASE ON OLIGONUCLEOTIDES DERIVED 
FROM DEOXYRIBONUCLEIC ACID* 


Bi M PRIVAT DE GARILHEt and M LASKOWSKI 

{From the Depai tment of Biochenustiy, Marquette Umveisity School of 
Medicine, Milwaukee, Wisconsin) 

(Received for publication, May 4, 1956) 

Kumtz (2) discoveied that the hydiolysis of deoxyribonucleic acid (DNA) 
by crystalline pancreatic deoxyribonuclease (DNase I) results in an increase 
of the optical density of the older of 30 pel cent The hydrolysis products 
of this reaction repiesent a complex mixtuie and lange m size from mono- 
to he\a- and possibly to octanucleotides (3, 4) Different opimons have 
been expressed conceimng the spectral effect^ of the furthei hydrolysis of 
some of these fiagments In a recent review, Beaven et al (6) quote several 
papers in vlnch the optical density of an oligonucleotide was accounted 
for by addmg the optical densities of the component mononucleotides 
On the other hand, by the same method, Sinsheimei (3) could not account 
for the optical density of dideoxynucleotides contammg guanyhc acid 

The availabihty of the puiified phosphodiesterase, which can be used 
in dilutions havmg no significant contiibution to the ultraviolet spectrum 
(7), provided a convement method for the measurement of the optical 
effect of the cleavage of the inter nucleotide linkage on several oligonucleo- 
tides obtained from the DNA digest Some of the substrates used were 
pure dmucleotides of established sequence ^ The present paper describes 
the results of this study 

* Supported by a grant from the Atomic Energy Commission A preliminary re- 
port has been published (1) 

t Eulbnght Scholar, on leave of absence from the Laboratoire de Chimie Biologique 
de la Pacultd des Sciences, Pans, France 

' The term “hyperchromic effect” has been frequently used to describe the increase 
in optical densitj’^ dunng the hydrolysis of nucleic acids (5, 6) The term is not used 
in the present article because it implies that some standard substance is “normo- 
chromic ” Usually, nucleic acid itself has been considered as standard substance 
Working on the level of dmucleotides, the selection of any one of them as a standard 
substance does not seem to be justified 

In accord with Smith and Markham (8) , and Heppel etal (9) , the f ollovung s> stem 
of abbreviations is used to describe dmucleotides and their derivatives The capital 
letter denotes a nucleoside A = adenosine, C = cytosine, M = methjIc 3 tosme, 
^ == guanosine, T = thymidine, X Y, and Z denote unspecified nucleosides The 
Uahe p denotes a phosphoryl group If it precedes the capital letter, it signifies 
0 phosphate, thus pC = 5'-cytidylic acid If p follows the capital letter, it signifies 
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OPTICAL EFFECT OF PHOSPHODIESTEIt\SE 


EXPERIMENTAL 


Methods 


DNA Mas prepared according to the method of Kay, Sinnnons, and 
Bounce ( 11 ) from calf thymus It A\as hydrolyzed under the same con 
ditions as pieviously described (4) for DNase I, -which Mas purchased from 
the Worthington Biochemical Corporation The digest Mas chromato 
graphed® on Domcv 1 - 2 X essentially according to Sinsheimcr ( 3 ) with a 
few, previously described, modifications (7) Fractions containing di 
nucleotides were chromatogiaphed a second time, either by using the met 
procedure of Sinsheimer (3) or a similai proceduie, m mIiicIi, instead of 
graded additions of NH 4 CI, the concentration of the eluting formate 
buffer (7) Mas stepped up in small increments In this May soicraldi 
nucleotides Meie obtained as the pure compounds of known composition 
and sequence 

Highei oligonucleotides M^eie also used as substiates for phosphodiestera <] 
but after one chromatography only, and M'ere designated according fi 
the strength of eluting buffer in mKicIi they emerged as "0 5 M fi action, 
“1 0 M fraction,” and “2 0 m fraction” (7) 

The method of preparation of phosphodiesteiase, units of activity, and 
conditions of digestion M’ere the same as those previously described (7) 
The determination of spectral changes M’as made directly m 1 cm silici 
cells m the Beckman DU spectrophotometei at 37° The progress of 
digestion M’as also folloM’ed by paper chromatography by using the system 
(isopropaiiol-Avatei , 70 30, in ammonia atmospheie) of Maikham and 
Smith (12) for nucleotides and the system (n-butanol satuiated Mitli water 
m ammonia atmosphere) of Hotchkiss (13) for nucleosides Some di 
nucleotides have been dephosphorylated bj’ prostatic phosphatase accord 
mg to Schmidt et al (14) 


3'-phosphate, thus Cp is 3'-cytidylic acid If p is between two cnpitnl letters ns m 
CpA, it signiBes the secondary phosphoryl group linking the 3' carbon of the prcccdinf 
nucleoside (cytosine) to the 5' carbon of the following one (adenosine) The letter <1 
in parentheses signifies that the compound is a derivative of deoxyribonucleic acn , 
thus (d)pCpA IS a deoxynbodinucleotide x\ith a pnmarj’ phosphorjl in position 5 e 
cjtidjhc acid, which is linked from 3' b^ a secondary phosphorjl group to 5 of v 
enosine It has been shown bj’ Sinsheimer (10) that several dinuclcotides, cmerginF 
from Dow ex columns as uniform peaks of constant optical properties, are I'-omcnc 
mixtures of the tjpe (d)pCpT and (d)pTpC Usuallj’, one of these forms strong ' 
predominates The dinucleotides, which are not free from the isomer, arc written 

(d)[pCpT] to indicate the sequence of the predominant isomer 

’We are indebted to the Milwaukee Division of the American Cancer ^ ,'j^^ 

the gift of the automatic recorder for the fraction collector (Gilson Met ica 

tronics, Madison, Wisconsin) i.nmfnr 

« We are indebted to Dr G Schmidt, Dr P M Roll, and Dr L Cunning 

the samples of this enzyme 
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Results 

The addition of phospliodiesteiase to a solution of a pure dmucleotide 
(d)pCpA lesults 111 a piogiessive inciease in the optical density of the 
solution Fig 1 illustiates the results of an experiment showing the de- 
pendence of the initial late of the leaction (fiist 5 nunutes) upon the con- 
centration of enzyme Small amounts of enzyme iveie used (from 0 3 
to 20 X 10~^ unit) to allow the leactiou to pioceed sufficiently slowly 
The accuiacy of the measurements is low, and the scatter of the experi- 
mental points IS evident fiom Fig 1 The obseived variation might have 
been caused by instability of the enzyme in the extreme dilutions used 


I 

U 

< 


Fig 1 Fig 2 

Fig 1 The effect of the concentration of enzyme on the initial rate of the hydrol- 
ysis of (d)pCpA Concentration of substrate adequate to give a reading of slightly 
over 1 0 at 260 mp at zero time in a Beckman DU spectrophotometer against distilled 
nater Buffer, glycine-NaOH, pH 9 0, final concentration 0 03 M, Mg"*^, final con- 
centration 0 01 M The ordinates represent the average increase in absorption at 
260 mp per minute during the first 5 minutes 
Fig 2 The optical effect of h 3 ’'drolysis of “1 m fraction” followed spectrophoto- 
nietrically The conditions of hydrolysis were the same as those in Fig 1 except that 
“1 M fraction” was used instead of (d)pCpA 




In spite of the observed variation, it seems safe to conclude that the initial 
rate of the reaction is diiectly proportional to the amount of enzyme 
This conclusion is strengthened by the results shown m Fig 6, obtained 
with the same substrate, indicating that, under favorable conditions, zero 
order kinetics persist until over 70 per cent of substrate is hydrolyzed 
The experiment shown in Fig 2 was performed with “1 m fraction ’ 
which IS not a homogeneous substrate A larger amount of enzyme (8 X 
10~2 unit) was used The inciease in optical density ovei the original 
optical density (assumed = 100) is plotted versus time This experiment 
IS cited to illustrate that with a non-homogeneous substrate the kinetics 
sre neither of zero nor of the fiist older, suggesting that the cleavage of 
different internucleotide bonds may produce an increase in optical density 
of a different magmtude, dependmg on the nature of nucleotides liberated 
In order to estabhsh that the cleavage of the internucleotide bond coin- 
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Cldcs i\ith the increase in the optical density'-, experiments mcic iicrforim-J 
111 ivhich the disappearance of a dmucleotide i\as measured chroniatograplu 
cally Fig 3 shons the chromatograplnc pattern obtained bj' inculiitim; 
(d)pCpA Mith phosphodiesteiase The aliquots i\ere Mithdraiin at in 
dicated times, placed on the papei, and dried in hot an The clnomato 
gram was developed accoidmg to Markham and Smith (12) The con 



Fig 3 Progress of the digestion of (d)pCpA with phosphodiesterase 3 2ingci 
(d)pCpA (from P determination) in 0 3 ml of H«0, buffer, glycine-NaOH, pH •’0, 
final concentration 01 m, Mg++, final concentration 0 01 m After equilibration at 
37°, 0 01 unit of phosphodiesterase was added Aliquots were withdrawn attbcindi 
cated times After chromatography according to Markham and Smith (12), the spot' 
were outlined and eluted The figures inside each spot represent the values obtained 
in a Beckman DU spectrophotometer w'hen the eluates were brought to 3 ml and 
read at 260 mp 

Fig 4 Comparison of the rate of hydrolysis of (d)pCpA followed chromatograph 
ically and spectrophotometncallj O, data of Fig 3 expressed in per cent of the 
substrate that disappeared, A = total amount of dmucleotide and X = the amount 
hydrolyzed at time ( • , spectrophotometric measurements , in this case /I = 

imal increase in the optical density taken as 100 per cent and X = the incrca'c at 
time 

centration of the unhydrolyzed substrate was determined after clutinp 
the appropriate spots and readmg the optical density at 260 mp 

The data obtained from this experiment, expressed as per cent o 
strate that disappeared, are plotted versus time m Fig 4 For the 
of comparison the data obtained by the spectrophotometric met i ar ^ 

also plotted on the same graph In the latter case the maximal c 
optical density (7 per cent of the initial value) is taken as 100, an 
change observed at the time indicated is expressed as per cent o t le n 
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mal change With the ia,tio of enzyme to substiate conesponding to that 
used in the cluomatogiaphic evpeiiment, the agreement between the two 
methods is saiisiactoiy 

In some expeiiments it Mas noticed that, aftei the fiist reaction ended, 
a furthei incubation foi seveial hours lesulted in an additional increase 
in the optical density This inciease cannot be attnbuted to the changes 
occuiiing as a lesult of cleavage of the phosphodiester bond, since it ivas 
established by chiomatography that by that time the hydrolysis had 
been completed Fuitheimore, a conesponding increase in optical density 
lias observed vhen the mixtuie of knoivn mononucleotides -was incubated 
for several houis In all fuithei experiments only the change m spectra 



WAVE LENGTH Mp 

Pig 5 Spectra of (d)pCpA before (•) and after (O) the hydrolysis by 8 X 10~^ 
unit of phosphodiesterase for 90 minutes at 37° Buffer, glj cine-NaOH, pH 9 0, final 
concentration 01 m, Mg++, final concentration 0 01 m 

observed during the period of hydrolysis (not ovei 4 houis) is considered 
An example of the change of spectrum before and aftei the hydiolysis of 
(d)pCpA IS illustrated in Fig 5 

In order to establish -whether the chemical nature of the nucleotides 
liberated during the hydrolysis of dmucleotides affects the magnitude of 
the final optical effect, a numbei of pure dmucleotides were subjected 
to the action of phosphodiesteiase The results aie summarized in Table I 
Unfortunately, not all of the desired combinations iveie available, and 
only some of them ivere free from the contaimnating isomer Hov ever, 
even inth those studied it is apparent that the effect is lathei small iiith 
dmucleotides composed of pyrimidines The effect is higliei ivith di- 
nucleotides contaimng a purine Hoivever, ivith dmucleotides composed 
of tivo purines the effect is higher ivith (d)[pGpA] than vith (d)pGpG, 
vhereas only a small diffeience m the magnitude of the effect was obsen ed 
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betAAeen (d)pGpG and (d)bT?)G], m spite of the fact that the laticr con 
tains a pyi imidine 

Further experiments lAcre performed on dmucleotides i\hich had fir-^i 
been depliosphoryJated by prostatic phospliatase^ to dinuclcosKle inono 
phosphates (XpY) The oidei of magnitude of the final change in oiitua! 
density was veij’- smulai to that of the oiiginal dinucleotidc {pXp\) 

TABLt I 


Effcc( of Complete Hydrolysis of Vanoiis Di- and Oligonucleotides h/ 
Phosphodiesterase on Optical Density 


Substrate 

Per cent increase in optic 1 
densit> at 260 m/t 

(d)pCpC 

4 

(d)[pCpT] 

2 

(d)pCpA 

7 

(d)bTpG] 

6 

(d)pGpG 

7 

(d)[pGpA] 

11 

0 5 M fraction 

11 

I M fraction 

22 

0 << << 

1 33 



TIME MIN 

Fig 6 Comparison of the lates of lodroljsis of (d)pCpA (•) and (d)Cp\ (0) 
followed spectrophotometricalb^ Conditions for both substrates are the same i 
those in Fig 1 w ith the exception that 4 X 10”^ unit of enzj’mc was used 

How^ever, a stiikmg difference m the rate of the reaction was obsened 
Two examples are illustiated m Figs 6 and 7, both w^ere performed 
the same pair of substrates, (d)pCpA and (d)CpA, but bj'’ the two difTcren 
techniques The experiment show n m Fig 6 w as performed by the spcc^ 
tiophotometric method The lag peiiod with (d)CpA as substrate 
obseived regulaily, but is difficult to explain at present The final 
in optical density with (d)CpA is almost identical with that of (d)r T ■ 
but the peak is reached consideiably more slowly 
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The same geneial conclusion is diawn from the expeiiment slio\\n m 
Fig 7, peifoimed by the chromatographic technique Since diffeient 
conditions m eie used, the rates observed m the expeiiments of Figs 6 and 7 
aie not diiectly compaiable An additional experiment peifoimed by a 
chiomatogiaphic technique on (d)2iMpG and (d)MpG gave lesults almost 
identical vith those shown m Fig 7 and is not lepioduced 
Fuiallj'^, the optical effect of the hydrolysis ivas studied on fi actions 
composed of mixed oligonucleotides It has been shomi pieviously (7) 
that all mtei nucleotide bonds in these fiagments aie susceptible to phos- 
phodiesteiase Fig S illustiates the difference in spectrum of “1 m fiac- 




WAVE LENGTH MP 


Fio 7 Fig 8 

Fig 7 Comparison of the rates of hydrolysis of (d)pCpA (O) and (d)CpA (•) 
followed by chromatography on paper Conditions as described in Fig 3, recalcu- 
lated as in Fig 4 

Fig 8 Spectra of “1 m fraction” before (•) and after (O) hydrolysis by phos- 
phodiesterase Conditions are the same as those in Fig 5 


tion” befoie and aftei hydrolysis with phosphodiesteiase It might be 
noted that the laigest lelative diffeience is observed not at the height of 
the peak at 260 m^ but at 265 mp 

The magmtude of the optical effect foi vaiious fractions is summarized 
in Table I On the basis of chromatographic behavior (3) “0 5 m fraction” 
IS considered to be composed predominantly of timucleotides, whereas 
2 M fiaction” leaches probably to hexa- oi octanucleotides The results 
shown in Table I indicate that the magnitude of the optical effect is coi- 
related with the size of the fragment In vieiv of the results with various 
niuucieotides, hownver, it seems futile to correlate the optical effect with 
the exact size of the fragment Yet w ith the mixed fractions the magmtude 
of optical effect reflects the approximate size of fiagments 
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OPTICAL EFFECT OF PHOSPHODIFSTEn VSE 


DISCUSSION 

Fiom the lesults presented m this paper it has been concluded tint tlic 
cleavage of the intei nucleotide bond even in dinucleotides and dmuclco^idc 
monophosphates lesults m an increase in optical density The rc-iilt- 
further imply that m a compound of the type pXpY the magnitude oi tljp 
optical effect depends piedommantty on the chemical nature of Y Tin 
piesence of the free phosphor 3 d gioup in the 5' position does not seciu te 
affect the magnitude of this effect It seems pieniatiue to speculate on 
the exact structural reairangements lesponsible for the optical effect of 
cleavage of the mternucleotide linkage Both the base of X and the !n«o 
of Y seem to be involved in the effect, the latter appaiently moic than (k 
foimer, m spite of the fact that the free phosphoryl group, vliicli is formed, 
remains as pY 

The experiments described also lead to some interesting concltnion 
and speculations concerning the specificity of phosphodiesterase Goner 
alty, the hydrolysis of all dinucleotides was lapid Some differences) 
the rate of hydrotysis were observed when the chenneal nature of eilL 
X or Y vas changed, but on the whole these diffeiences weie small 
the other hand, the removal of the terminal 5'-phosphoryl group produced 
a striking decrease in the rate of the reaction If the enhancing effeef of 
the free 5 '-phosphoryl is independent of the length of the chain, the action 
of phosphodiesterase should resemble that of carboxypeptidase, and tlic 
sphttmg in the compound of the type pXpYpZ should piogiess sfcpiu'c 
starting vith the hbeiation of pX 

Unpublished obseivations from this laboratory indicate that some 
deoxyiibodinucleotides temunated in 3 '-phosphate aie h 3 '^drolyzed len 
slowly by phosphodiesterase and lequne a very laige amount of enzyme 
These results agree wuth the previously reported failuie (7) to hydrohze 
commeicial ribonucleic acid (-which undoubtedly contains oligonucleotide:) 
by small amounts of purified phosphodiesteiase and suggest that the 3 
phosphoiyl group exerts an inhibiting effect 

SUMMARY 

The cleavage of the mtei nucleotide bond m dinucleotides lesults in an 
increase in the optical density On the whole the effect is small mt ' 
dmucleotides composed entirely of pyrimidines and laigem those containin? 
one or two purines The optical effect is oi the same order of niagnitu 2 
■wath a dmucleoside monophosphate as it is -with the corresponding 
nucleotide Oligonucleotides larger than dmucleotides show a iiE*!-^ 
optical effect, ■n'^hich increases with the size of the fragment 
has been presented that the piesence of the phosphor 3 d group m 
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position exeits a favoiable effect on the action of phosphodiesterase The 
specificity of phosphodiesteiase has been discussed 
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CARBON DIOXIDE FIXATION AND UREA 
SYNTHESIS IN THE RAT* 


By JOHN H RUST.f WILLARD J VISEK, and LLOYD J ROTH 
{From the Department of Pharmacology, University of Chicago, Chicago, Illinois) 

(Received for publication, May 14, 1956) 

Textbooks and current leviews either make no mention of the fact or 
leave the impression that the carbon of urea is derived from a general CO 2 
pool In a study concerned with some aspects of the intermediary meta- 
bolism in the irradiated rat, ive deemed it essential to establish, first, the 
part played in glycogen and uiea synthesis by the CO 2 fixation process in 
the metabohsm of glucose and alanine Our findings weie revealing vath 
respect to uiea formation, and these important data mil be recoided in a 
separate communication The foim of our experiments and the time and 
methods of collection were governed by factors not always related to urea 
synthesis 


Method 

Twenty-four young Sprague-Dawley female lats, 50 to 88 gm , were used 
in the study The animals were landomly selected by the cast of a die 
into groups of six each, i e Groups A, B, 0, and D, which were injected 
mtrapentoneaUy mth C^^-labeled sodium bicarbonate, randomly labeled 
glucose (two trials), and alanme labeled in the 0^ position After injection, 
they were placed m metabohsm cages (1) designed to separate and collect 
excreta and to collect expired CO 2 in towers of NaOH Collections of 
urme and expired air were made at 1, 2, 3, 4, 5, and 7 hours At the time 
of collection the rat was killed, and its liver and muscle glycogen were 
determined Thus the value of each time of sacrifice represented the 
production of one animal biologically integrated over that period of time 
Some variations were introduced which probably would not have been 
present if sequential collections could have been made fiom one or more 

* Carbon dioxide of plasma, as used in this paper, includes the dissolved 
CO 2 , H 2 CO 3 , HCO 3 , and CO 3 as they exist in equilibrium 
Supported in part by the Research and Development Division, Office of the Sur- 
geon General, United States Army, under contract No DA-49-007-MD-514, in part by 
the Dr Wallace A and Clara C Abbott Memorial Research Fund of the University 
ef Chicago, and in part by the Argonne Cancer Research Hospital of the Universitj^ 
ef Chicago, and the Atomic Energy Commission 

t Colonel, Veterinary Corps, United States Armj , Research Project Officer 
resent address. Medical Division, The Oak Ridge Institute of Nuclear Studies, 
Oak Ridge, Tennessee 
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TTEEA SYNTHESIS 


Table I 

Percentage of Dose and Specific Activity of in Expired COi and Voided iTai 


Group No 

After 

injection 

C" expired 

Specific actiMt} 
of carbon 
expired 

C* in urea 

Specific actmtj 
of carbon m 1 
urea* 

SpecL.^ 

actuitr 

rail:) 

i 


(1) 

(2) 

(3) 

(4) 

(5) 


Carbon diovide fixation 


hrs 

fer cent 





1 

73 87 

7028 

HRQjH 

333 

0 023 

2 

74 75 

4035 


404 

0 101 

3 

83 54 

3600 

0 73 

503 


4 

84 42 

1930 

0 85 

455 


5 

86 53 

1575 

0 89 

384 

0 211 

7 

84 24 

1184 

0 93 

273 



Glucose metabolism (Trial I) 


B 

1 


888 


1926 

2 ICO 


2 


1550 


5318 

3 131 


3 


1206 

1 97 

5735 

4 7oo 


4 


1127 

1 20 

4455 

3 9)3 


5 

35 75 

975 

1 77 

4365 

1 ISO 


7 

32 45 

614 

0 57 

1865 

3 037 


Glucose metabolism (Trial II) 


C 

1 

2 

3 

4 

5 

12 57 

21 95 

23 52 

24 00 

27 00 

21 50 

1430 

1123 

979 

720 

614 

403 

0 68 

3 72 

2 74 

7 90 

6 90 

4 23 

2302 

4097 

4692 

4318 

5872 

4327 

1 GIO 

3 CIS 

4 793 

5 997 

9 563 

10 737 

Alanine metabolism 

D 

1 

4 71 

426 

0 71 

1020 

2 39) 


2 

17 62 

957 

3 17 

3820 

3 992 


3 

20 95 

792 

2 46 

2920 

3 CS7 


5 

25 90 

484 

1 S3 

2308 

4 S92 


7 

28 IS 

404 

2 22 

2302 

5 CO*; 


* Accumulated radioactivity in disintegrations per minute divided bi the nccu 
mulated mg of carbon i 

t Specific activit}’’ of carbon in urea divided by the specific activit} o cvp 
carbon, i e , Column 4 divided by Column 2 
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animals Oulj'- one set of values was discaided, that of the 4th hour of the 
alanine senes An adaptation of the method of Dean and Di\on (2) for 
the deteimmation of an extianeous datum was used in this exclusion 

The ladioactive mateiiais, vnth the exception of glucose, were obtamed 
fioni the Nucleai Instiument and Chemical Coipoiation of Chicago, 
Illinois The glucose was exti acted bj’’ Di L B Achoi from colchicum 
corms giown by Di E S Mika m the Department of Pharmacology Bio- 
synthetic Program of the Univeisity of Chicago ^ The dismtegrations per 
mmute (d p m ) pei dose administeied weie sodium bicarbonate 2,825,683, 
glucose 330,374, and alanine 402,759 In the calculations as presented, 
all the data aie adjusted to a standard dose of 1,000,000 d p m per 100 
gm of rat The cairiei was as follows glucose 2 85 mg , alamne 4 66 mg , 
and sodium bicaibonate 2 19 mg 

The stable and radioactive carbons weie measuied as CO 2 by a modified 
Fan Slyke wet combustion method (3) ^ The C’^02 was placed m an ioniza- 
tion chamber (4), the charge in the chamber was then measured mth a 
vibratmg reed electrometer,^ and the disintegrations per minute were cal- 
culated by the rate of drift method (5) Urea was determmed by the 
Conway urease miciodiffusion method (6) Carbon dioxide was trapped 
m NaOH and the CO 2 was released, as was that collected from the expiied 
air, from the collecting medium ivith an excess of phosphoric acid Analy- 
ses of C^- and C*^ were cahbiated with benzoic acid of the National Bureau 
of Standaids and C^^ the sodium bicaibonate reference standard, respec- 
tively 


Results 

The data piesented m Table I are given m percentage of the dose adminis- 
tered which appeared m the expiied air or urea These data are also 
tabulated as the specific activity of carbon derived fiom the expired air 
and from the urea 


DISCUSSION 

We have made two basic assumptions (a) The CO 2 of the expiied an is 
representative of the CO 2 of the pool of plasma and has the same specific 
activity (7), and (5), similarly, the urea carbon m the voided urine has the 
same specific activity as that m the body pool of urea fiom w^hich it ivas 
derived In both cases these entities are readily and quickly diffusible 

'Supported by the Atomic Energy Commission under contract No AT(ll-l)-45 
* A method devised by one of us (L J R. ) to trap CO 2 vith liquid nitrogen for mano- 
roetnc and radiometric measurements To be published 

'Applied Physics Corporation, Pasadena, California, model No 30 
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URE4 SYNTHESIS 


a Cl OSS the lung alveoli and kidnej’- tubule vail and lepieseiit an end product 
of metabohsm 

If the CO2 of the plasma pool selves as the sole piecursoi foi men thi* 
specific actu ity of the carbon of urea should e\ entuallj' equal the specify 
activity of the carbon of the CO2 of expired an In oui studj , the caibon 
fixed as urea from labeled bicarbonate reached an asj mptotic lei el of oiil\ 
about 25 per cent of the caibon in the expired air aftei 7 horns (Column 0 
Table I) Delluva and Wilson ( 8 ), aftei admmisteniig ladioactue sodniri’ 
bicaibonate hourly foi 18 houis to a rat, found that the ratio vas Oo.') 
at the end of that time Mackenzie and du ^hgneaud ( 9 ) fed a rat i 
methionme contaming in the methyl group and found the latio at 21 
and 48 hours to be 1 0 In both instances theie vas essentialh a con 
tinuous 01 extended administration of the labeled caibon as carbonate o* 
as a metabolite It is probable that, because of this, more than just tli" 
CO2 of the plasma was labeled in their studies, and this could account k 
the higher ratio values they obtamed 

Another sui prising fact is that oui data show a gieatei specific actinn 
in the urea than m the plasma CO2 after administration of labeled glucv- 
and alanine Even if labeled plasma CO2 had been 100 pei cent incc 
pointed into uiea, because of the greater specific activity of the urea, oii' 
must still conclude that the CO2 of the plasma pool is not the sole source of 
caibon foi uiea production Undoubtedly theie is another and more 
significant pathway foi CO2 fixation as urea The existing iclntionship 
suggests that a large pei cent of the urea carbon is derived from a source 
which IS not m leady equihbnum vuth the pool of plasma C 0 .> One 
explanation is that the pool 01 the souice of CO2 which finds its vav loiirci 
IS relatively independent of the pool of plasma CO2 because of a different 
point of oiigm It IS reasonable to suggest that the liver cells foim mo^f 
of the CO2 foi the local synthesis of mea, and that othei sources form the 
bulk of the pool of plasma CO2 under normal circumstances Tlicre i^ 
also the possibihty that theie exists a direct transcarbonation or “hand olT 
mechanism which moves carbon directly to the urea cycle without recour'C 
to the plasma CO2 pool The nature of the mechanism cannot be clmr 
acteiized by this studj’" The latios of specific activitj’ of the glucose an 
alanine trials (Gioups B, C, and D) seem to be appioxmiately the rcciprocn 
of the carbon dioxide fixation trial (Group A), and the meaning, if an\. 
of this fact IS not immediately apparent 

Dr Birgit ^^ennesland of the Depaitment of Biochemistiy, Tiicbm'|^|^ 
sity of Chicago, vas consulted frequentlj' We aie giateful foi hen 1 
able and peitinent suggestions 
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SUMMARY 

1 Caibon fixation as uiea can be deteimmed by the ratio of the specific 
activities of mine uiea and the CO 2 of expired an At 7 hours this is 
appioximately 25 per cent 

2 After the injection of unifoimly labeled glucose-C“ and alaiime 
(labeled in the C- position), the specific activity of urea is higher than that 
of expired CO 2 

3 This fact mdicated that urea was foimed with the hvei cells fiom 
plasma carbon dioxide and by some othei unknown but more effective 
mechanism of caibon dioxide production and fixation as urea 
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STUDIES ON THE MODE OF ACTION OF ANALOGUES OF 
OROTIC ACID 6-URACILSULFONIC ACID, 6-URACILSUL- 
FONAINIIDE, AND 6-UIlACIL METHYL SULFONE* 

By william L HOLMESf 

(From the Department of Pharmacology, Yale University School of Medicine, 

New Haven, Connecticut, and the Research Department, Rahr Malting 
Company, Manitowoc, Wisconsin) 

(Received for publication, April 26, 1956) 

Investigations of the metabohsm of orotic acid have shown that this 
compound can be utilized by certain bacteria (1) and by mammals (2, 3) 
as a precursor of nucleic acid pyrimidines More recently it has been 
established (4-6) that partially purified enzymes from yeast convert oiotic 
acid to U5P^ m a two-step leaction which mvolves the enzymes 05P- 
pyrophosphoiylase and 05P-decaiboxylase The presence of 05P-pyro- 
phosphorylase was also demonstrated (6) in the livers of several animal 
species This, together with other evidence (7, 8), suggests that orotic 
acid IS an important in tei mediate m the biosynthesis of nucleic acid 
In a previous communication (9), it was shown that 6-uracilsulfonamide 
and 6-uracil method sulfone inhibit non-competitively the growth of two 
strains of Lactohacillus bulgancus (09 and Hanson) in media supplemented 
with orotic acid or with certain piecursois of this compound, namely 
carbamyl-BL-aspartate oi n-dihydioorotate In contrast to the marked 
effect of this compound on the growth of these organisms, the analogues 
had but little effect on the groivth of Leuconostoc citrovoium (Pediococcus 
cerevisiae) 8081 and Streptococcus faecahs 8043, organisms which do not 
utilize orotic acid for growth It was suggested, therefore, that these 
analogues exert their toxic effect on certain microorganisms by interfering 
with one or more stages in the utilization of orotic acid or biologically re- 
lated compounds 

In the experiments reported here, it has been found that each of the 
analogues under investigation competitively inhibits the conversion of 
orotate to 05P by partially purified yeast enzymes Furthermore, the 

* This Work was supported, in part, by a grant to Dr Arnold D Welch and Dr 
Charles E Carter from the American Cancer Society upon recommendation of the 
Committee on Growth of the National Research Council 
t Present address, Research Department, Rahr Malting Company, Manitonoc, 
Wisconsin 

'The abbreviations used are uridine-5'-phosphate, USP, orotidine-5'-phosphate, 
C5P, 5-phosphonbosylpyrophosphate, PRPP, tris(hydro\ 3 Tnethyl)aminomethane, 
Tris 
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ANALOGUES OF OROTIC ACID 


analogues were found to have no effect on the 
U5P 


decarboxylation of 05P to 


EXPERIMENTAL 


Synthesis of Labeled Compounds — ^Barium cyanamide-C“ \\as prcpnrd 
from BaC^'^Oa by the method of Zbarsky and Fischer (10), tbiourea-C' 
from the crude barium cyanamide by the method of Bills and Ronzio (11) 
and, from this, orotic acid-2'C“ accordmg to the procedure of Heidelbcrgor 
and Hurlbert (12) Orotic acid-7-C» was piepared' according to Langici 
(13) and also by an improved method (14) 

Synthesis of Analogue^ — 6-Uracilsulfonic acid was prepared b\ (lie 
method of Greenbaum and Holmes (15) and 6-uracilsulfonaniidc and C- 
uracil methyl sulfone by the method of Greenbaum (16) 

Preparation of 05P-7-C^* and 06P-^~C^‘^ — These compounds \^e^c pns 
pared m essentially the same manner as was 05P by Lieberman cl al (C) 
Reaction mixtures (60 ml ) contammg 80 jumoles of PRPP and 51 iimolcsc' 
orotate-2-C'^ (1 04 X 10^ c p m ) or orotate'7-C*^ (2 19 X 10^ c p m ), sd 
20 umts of OSP-pyrophosphorylase (0-0 6 (NH4)2S04 fraction, see “k? 
aration of enzymes”) were meubated at 25° for 1 houi The enzyme wl 
< mactivated by heatmg the solution to 80° foi 2 mmutes After being 
cooled and centrifuged, 05P was isolated from the reaction mixtures b\ 
chromatography on Dowex 1 (6) 15 1 //moles of 05P-7-C“ and 17 8 

//moles of 05P-2-C‘^ were recovered The eluates contammg the C" 
labeled 05P were neutrahzed to pH 7 0 with NaOH The 05P ii as freed 
of salt by adsorption on small columns of Darco G-60 (2 5 cm X H5 cm *) 
and elution with ammoniacal ethanol The ethanol and excess ammonn 


were removed by evaporation in a current of air ui the cold room 

The identity of the compounds was established as follows (1) 05P-7-C“ 
was decarboxylated by 05P-decarboxy]ase with complete Joss of the label 
(2) U5P resulting from the decarboxylation of 05P-7-C'^ (specific acfiiit' 
= 2 02 X 10^ c p m per //mole) had a specific activity of 2 03 X c p m 
per //mole (3) The compound (05P) showed absorption maxima at 2GG, 
267, and 268 m// at pH 7 0, 10, and 12 0, respectively The ratio of 
absorbancies at 280 and 260 m// was 0 65, 0 69, and 0 69 at these three pi 
values, the correspondmg values for U5P are 0 37, 0 36, and 0 3/ { J 
Radioactive homogeneity of the 05P was indicated by chromatograpbyi ^ 
Whatman No 1 paper, wuth three solvent systems The Hr values o* 
this compound m n-butanol-50 per cent acetic acid (1 1, descen iHc . 
KH 2 P 04 -isoamyl alcohol (17) (ascending), and isopropanol-formic 
water (70 10 20, descendmg) were found to be 0 13, 0 81, and 0 22, rc'po 
tively , the correspondmg values for U5P are 0 22, 0 76, and 0 40 

= I am indebted to Dr B W Langley for synthesizing this compound 

’ The analogues were synthesized by Dr S B Greenbaum 
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PRPP was prepared and assayed by the method^ of Komberg, Lieber- 
man, and Simms (IS) Unlabeled orotic acid, adenosme triphosphate, and 
nbose-5-phosphate weie obtained from the Nutritional Biochemicals 
Corporation 

Preparation of Enzymes — The ethanol fi action containing 05P-pyrophos- 
phorylase and 05P-decarbo\ylase was piepared from autolysates of dried 
breiiers’ or dried bakers’ yeast according to Lieberman et al (6) It was 
necessary to mcubate some of the brewers’ yeast used m this study for 
periods of 16 to 18 hours at 30° to msure that autolysates would be rich 
in 05P-decarbo\yIase 

Ammonium Sulfate Fractionation — 05P-pyrophosphorylase and 05P- 
decarboxylase were separated by (NH4)2S04 fractionation of the ethanol 
fraction This fraction prepared from 50 ml of autolysate was dissolved 


Table I 

Separation of OSP-Pyrophosphorylase and OBP -Decarboxylase by 
Ammonium Sulfate Fractionation of Ethanol Fraction 


Enzyme fraction 

OSP pyrophosphorylase 

OSP-decarbovylase 

Total i 
units 

Specific 

activity* 

Total 

units 

Specific 

activity 

Autolysate 

470 

mm 

315 

■a 

Ethanol fraction 

225 


216 


(NHdiSOi, 0-0 6 saturation 

50 

■EH 

0 


“ 0 6-0 7 saturation 

48 


58 


“ 0 7-0 8 “ 

4 


48 

2 1 


* Specific activity = units of enzyme per mg of protein 


in 20 ml of Tris buffer (0 1 M, pH 8 0) The solution was diluted to 40 
ml with water and the pH was adjusted to 7 0 by the dropwise addition of 
HCl (0 1 n) , the solution was clarified by centrifugation if necessary Solid 
(NH4)2S04 was added slowly, with stirring (temperature 2-4°), to the 
desired saturation, after bemg chilled m an ice bath for 30 minutes the 
precipitate was removed by centrifugation (25,000 X g, 30 minutes) The 
ammonium sulfate fractions were dissolved m 10 ml of phosphate buffer 
(0 05 M, pH 7 5) After dialysis agamst cold distilled water each fraction 
was diluted to 20 ml with phosphate buffer The results of a typical 
separation are given m Table I Although a large loss of enzyme results 
from this fractionation it is seen that the 0—0 6 fraction is devoid of 05P- 
decarboxylase, the 0 7-0 8 fraction, on the other hand, is rich in the decar- 
boxylase and contains only a trace of 05P-pyrophosphor3dase 

* The author is grateful to Dr Arthur Komberg for having supplied details of this 
>«ethod during the early part of the present investigation through a personal com- 

n'umcation to Dr C E Carter 
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ANALOGUES OF OROTIC ACID 


Assay of 05P-Pyrophosphorylase— The spectrophotometric as&'i\ o 
Lieberman ci al (6) i\as used in these investigations In llio presence o: 
large amounts of the analogues, howevei, it vas not possible to use tin 
assay In these evpenments orotate vas replaced by oiotate-7-C‘* \{ 
the appiopnate time, smtable aliquots of the leaction nuxture (05 ml) 
veie pipetted into 0 1 ml of 10 per cent trichloroacetic acid The acid 
mudiuie vas heated in a boihng watei bath for 5 minutes to expel the hst 
traces of after coolmg and centrifugation smtable aliquots (usinlK 

0 05 ml ) were piepaied for counting 

Assay of 05P -Decarboxylase — In most of these studies the conversion cf 
05P to U5P was measured, at 25°, by the loss of resulting from the 
decarboxylation of 05P-7-C‘^ The leaction mnxture contained 05P-7 C ‘ 
(0 05 yumole, 1 75 X 10^ c p m ), 0 02 ml of MgCh (0 1 u), 0 02 ml of Tri 
buffer (1 M, pH 8 0), enzjnne (about 0 2 unit), and water to volume of 1 ni’ 
The leaction was stopped and the reaction mixtures were treated in tf 
manner described for the assay of 05P-pyrophosphorylase Tlie sp’ 
trophotometric assay of Lieberman et al (6) was also used, and the unite 
enzyme activity referred to m the present study, for both enzymes, islU 
defined by these workers 

Measurement of Radioactivity — activity was measured with a londoir 
less flow counter® or with a thm wmdow gas counter ® Sufficient number 
of counts were taken to reduce the statistical error of counting to less than 
5 per cent 

Results 

Effect of 6-Uracilsulfonamide on Conversion of Orotate to 0 . 5 P— Eadi 
experiments mdicated that each of the analogues under imestigntion 
inhibited the conversion, by partially purified yeast enzymes (cthand 
fraction), of orotate to U5P, as measured by the decarboxylation of orotate 
7-C“ The distribution of radioactivity on paper chromatograms of the 
reaction mixtures from several experiments suggested that the analogue- 
blocked the onzjrmatic synthesis of 05P from orotate and PRPPi 
that they had no effect on the decarboxylation of this compound b^ 05 
decarboxylase 

The effect of 6-uracilsulfonamide on the accumulation of 
presence of decarboxylase-free 05P-pyrophosphorylase (0-0 6 . ‘ 

fraction, Table I), is shown in Fig 1 These data show clearly t la 
accumulation of the material represented by Peak A (05P) is mar 
inhibited by this analogue Although not shown in Fig 1 , the a 
of 6-uracil methyl sulfone (3 5 X 10~* m) to the reaction mixtoe cau 
about a 10 to 15 per cent inhibition of the accumulation of 05P 

® Tracerlab SC-16 Tvindowless flow counter 

« Nuclear D-47 gas flow counter 
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Egect of Inhibito? Conccntrahon—The effect of inhibitor concentration 
on the rate of conveision of orotate to U6P, by the yeast enzymes, is shown 
m Figs 2 and 3 A 3-fold excess of 05P-decarbo\ylase was used m these 
studies to msure rapid and complete decarboxylation of 05P It is evident 
from the Lineweavei-Buik (19) plots that all three analogues competitively 
inhibit tins conversion Tlie Ks (dissociation constant) value for orotate, 
22 X 10"® M, IS m agreement with a previously (6) reported value The 



MOVEMENT OF RADIOACTIVE 
COMPOUNDS ON CHROMATOGRAMS (cm) 


Fig 1 Radioactivity on paper chromatograms The reaction mixtures (3 ml ) 
contained 0 1 ml of Tris buffer (1 m, pH 8 0), 0 1 ml of MgCh (0 1 m), 0 1 ml of NaF 
(lu), 1 92/imolesof orotate-7-C*^ (speciffc activity = 8 5 X 10^ c p m per ^zmole), 2 0 
iimoles of PRPP, 6 uracilsulfonamide (0 026 m, pH 8 0) to desired concentration, and 
10 units of 05P-pyrophosphorylase (0-0 6 (NH 4 ) 2 S 04 fraction, Table I) The reac- 
tion mixtures were cooled in an ice bath ( 2 - 4 °) prior to adding the cold enzyme The 
tt time sample was removed immediately, the reaction mixtures were then incubated 
®t37° At the appropriate time aliquots (0 4 ml ) were withdrawn and deproteinized 
by heating in a boiling water bath for 1 minute After cooling and centrifugation 0 05 
aliquots were chromatographed on Whatman No 1 filter paper (solvent, n-buta- 
aol acetic acid-water (50 25 25) , descending) 


fh values were calculated to be 7 0 X 10"®, 3 9 X 10"^, and 7 1 X 10"^ m 
■ or the sulfonamide, sulfonic acid, and methyl suLfone, respectively 
^Indies with 05P-Decarboxylase — The time-course of the conversion of 
5P-7-Ci< to U5P, as measured by the disappearance of activity from 
he reaction mixture, is shotvn in Fig 4 The rate of the reaction is linear 
w a period of 12 minutes at 25° Under the conditions employed m 
studies it was found that the rate of decarboxylation of 05P was 
pr^ortional to the amount of enzyme (Fig 5) 

Th ^ of varying the substrate concentration is shovm in Fig 6 
® ffs of the enzyme-substrate complex is 1 4 X 10~® m 05P 
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EJfcci of Analogues on OSP-Decaihoxylasc—Tlxo eflfect of ^nr 3 JIlg con 
centrations of the thiee analogues undei investigation on the dccnrbowh 
tion of 05P was investigated The analogues veie added to react'O' 
mLxtures (1 6 ml ) contaming 0 046 ;umole of 05P-7-C^'‘ (1 6 X 10' c p m ' 
and 0 14 unit of 05P-decaibo\ylase in concentrations laiiging from 2 1 




Fig 2 The efifect of 6-uraciIsulfonaniide on the rate of conversion of orolitc li" 
U5P The reaction mixture (3 ml ) contained 0 05 ml of Tris buff or (1 m, pH SO) 
0 05 ml of MgCJj (0 1 u), 0 40 /imole of PRPP, 0 S unit of OSP-p^rophosphonb''' 
2 4 units of 05P-decarbo\ylase, and varying amounts of orotatc The rnfc of orotaV 
disappearance was measured bj'^ the decrease in optical density during the 0 (o 5 min 
ute interval (v) 9 , varying amounts of orotate, O and □, varying nmoimls d 

orotate plus 6 uracilsulfonamide (final concentration 5 3 X 10'® jr and 2 05 X 
respectively) 

Fig 3 The effect of 6-uracil methyl sulfone and of 6-uracilsuIfonic acid on It’ 
conversion of orotate to UfiP The reaction mixtures were the same as those rcpoilc 
in Fig 2 except that varying amounts of orotate-7-C'^ (specific activiti = 8 55 X 
c p m per /imolc) were used The rate of orotate disappearance v as mensured In I 
decrease in ridio ictivity, resulting from the decarboxylation of 05P, during thcOto’' 
minute interv il (i ) • , varjnng amounts of orotate, □, orotate plus 6 uracil lac! m 

sulfone (final concentration 2 5 X 10'" Ji), O and A, orotate plus C uracilsulfomc nf' 
(final concentration 2 8 and 1 4 X 10”* M, respectively) 


to 12 6 fimoles per i eaction mature These concentrations of the nnn 

had no effect on the rate of decarboxylation of 05P-7-C''' duungliif ^ 
minute interval This, together with the evidence presented in FJS' 
and 3, suggested that the analogues compete with oiotic acid 
active site or sites on the 05 P-pyiophospliory]ase molecule or 
PRPP In the lattei case, the nbotides of the analogues should ic 
Since the analogues, hke orotic acid, exhibit a marked shift o t ic a 
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tion maximum upon changing fiom acid to alkaline solvent (X^es and X^g. 
m;*, lespectively), ribotide foimation would be expected to cause a marked 
decrease in the optical density of the leaction mixtuie at 295 mu Accord 
mgly, 6-uracilsulfonamide (absoiption maximum 265 mfx at pH 1 0 and 



Fig 4 Fig 5 

Fig 4 Time-course of decarboxylation of 05P The reaction mixture f3 ml ) 
prepared as outlined for the standard assai-^ contained 0 26 /imole of 05P-7-C'< (9 1 X 
10' c p m ) and 0 4 unit of 05P -decarboxylase The progress of the reaction was fol- 
iOTTea by measuring the decrease in C" activit 3 '- 
Fig 5 Effect of enzyme concentration on the rate of decarboxylation of 05P 
the reaction mixtures (1 ml ) (see standard assay) contained 0 093 amole of 05P-7-C“ 
(3 2 X 10' c p m ) . the enzyme contained 0 9 unit of decarboxylase per ml Disap- 
pearance of 05P calculated from the loss of C" activity during the 0 to 10 minute 
interval 



2 


nl . . . . . — . 1 

0 10 20 30 40 50 

J/g(M x|0'^) 

Fig 6 Lmeweaver and Burk plot (19) of the rate of 05P decarboxylation as a 
unction of 05P concentration The reaction mixtures (2 ml ) prepared as for the 
s andard assay contained varying amounts of 05P-7-C‘' (specific activity = 3 5 X 
^ c p m per fimole) and 0 3 unit of 05P-decarbox3dase The rate of 05P decar- 
o^ktion (v = 05P decarboxylated per hour) was calculated from the disappearance 
0 ^ activity during the 0 to 9 minute interval O, Experiment I, • , Experiment 

295 m^i at pH 8 0) (0 25 /imole) was mcubated with PRPP (0 54 /umole) 
fin 05P-pyiophosplioryIase (0-0 6 (NH4)oS04 fraction, 1 unit) m a total 
0 ume of 3 0 ml Theie was no noticeable decrease m the optical densitj^ 
95 mp durmg a period of 30 minutes, suggesting that the analogue was 
not converted to its nbotide 

n might be anticipated that the analogue nbotide, if formed, would 
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inhibit the decarbox^'^lation of 05P 6-Uracilsulfonamide, in conccn 
trations ranging from 0 82 to 4 1 jumoles pel reaction mixture (2 ml ), 
as incubated foi 30 minutes at 25° wth PEPP (1 08 /zmoles) and Oop' 
pyrophosphoiylase (1 3 units, 0-0 6 (NH-i):S 04 fraction, Table I) Thr 
reaction was stopped by heatmg m a boiling ^^ater bath for 1 minute, the 
reaction mixtme was then immeised in an ice bath After cooling and 
centrifugation ahquots of the supernatant solution (0 5 ml ) ncre incubated 
with 05P-7-C'‘* (0 026 ^imole, 9 1 X 10^ cpm) and 05P-decarbo\\h‘^ 
(0 11 unit) The rate of decarboxylation of 05P, during the intci^al of 
0 to 12 minutes, was not affected by the presence of the first incubation 
mnxture These findings do not ehminate the possibility of ribotidc for 
mation from the analogue, they strongly suggest, however, that, if stable 
ribotides are formed, they probably exist only in very small amount 

DISCUSSION 

The results of these studies mdicate that the orotic acid analogr 
6-uracilsulfonic acid, G-uracilsulfonamide, and 6-uracil methyl sulfcx, 
competitively inhibit the conversion of orotate to 05P by OSP-pjToplio 
phorylase These analogues have no effect on the late of decarbo\)lafion 
of 05P by 05P-decarbo\ylase These data support the suggestion made 
in a previous communication (9) that these analogues exert their toxic 
effect, in part at least, on ceitam rnici oorgawsms by inteifermg witli one 
or more stages in the utilization of exogenous orotic acid In vieu of the 
present findings, it seems highly probable that one of the major sites of 
action of the analogues is at the 05P-pyrophosphorylase level It mud 
be emphasized, however, that inhibition at this site does not suflicc to 
explain the inhibitoiy effect (9) of these analogues on the growth of L 
bulganciis 09 

It was previously reported (9) that, based on the 50 per cent niohr 
inhibition indexes, 6-uiacil meth 5 d sulfone was about tv ice as actnens 
6-uracilsulfonamide as an inhibitor of the grovffh of L bidgaricus 09 m 
medium supplemented mth orotic acid 6-TJiacilsulfonic acid, on the 
other hand, did not inhibit the gronffh of tlus oiganism Comparison of 
the Ki values reported herein shows that the sulfonamide is about 56 time' 
and the sulfonic acid tvuce as active as the sulfone as an inhibitor of t le 
partially punfied 05P-p3'’rophosphorylase This difference in actnitx o 
the antagomst m the yeast sj'-stem, zn vitro, and on bactenal grovtli 
depend on various factors, e g stability and cellular transport meclnni ni 
or a different order of affinity of the bacterial enzyme for the inhibito^ 
Since it was found (9) that the inhibition of growth of L bulgaricu^ 
by the sulfonamide and the sulfone could not be reversed b) orota 
U5P, the possibihty of these analogues interfermg xvith some other 
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metabolic piocess involving one or more, perhaps entnely different, enzymes 
must also be entei tamed That other points in the anabolic processes 
mvolving orotic acid are most probably affected by these analogues was 
suggested by the findmg (9) that the effect of these antagonists on the 
growth of L biilgancus 09 (1) was not overcome by U5P, (2) occurred 
also when giowth of a mutant stram (09X) wms supported by uracd, and 
(3) was completely overcome by material, of as yet unknown composition, 
closely associated wuth commeicially prepared samples of yeast ribonucleic 
acid It was suggested that at least one site of action of the analogues 
lies beyond the mononucleotide stage The failure to demonstate a signif- 
icant foimation of ribotides from the analogues by yeast enzymes m this 
study does not preclude their formation tn vivo m this or other organisms 
with subsequent incorporation into polynucleotide fractions Other 
pynmidmes, namely 2-thiomacil (20) and 5-bromouracil (21-24), have 
been shown to be mcorporated mto nucleic acids Also, Prusoff, Lajtha, 
and Welch (24) have presented evidence suggestmg that the thymme 
analogue, G-azathyonme, may be mcorporated mto a unit more complex 
than the nucleoside, and, m fact, G-azathyunme has been recovered from 
the deoxyribonucleic acid of S faecalis grown m the presence of the analogue 
The complete elucidation of the mode of action of the sulfur analogues 
of orotic acid must await the results of fmther mvestigation 

SUMMARY 

1 The orotic acid analogues, 6-uracilsulfonic acid, 6-uracilsulfonamide, 
and 6-macil methyl sulfone, competitively inhibited the conversion of 
orotate to oiotidme-5'-phosphate (05P) by partially purified 05P-pyro- 
phosphorylase of yeast 

2 These analogues had no effect on the conversion of 05P to uridme- 
5'-phosphate by 05P-decarboxylase 

The author wishes to thank Di Arnold D Welch and Di Charles E 
Carter for their continued mterest, constructive criticisms, and helpful 
suggestions durmg the course of this study 
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In order to cany out an investigation of the cychzation of 5-hydroxy- 
lysme to 5-hydioxypipecolic acid and to study the separation of the dias- 
tereoisomers of the latter compound (1), it was necessary to devise a method 
for the determination of 5-hydroxypipecohc acid in the effluent from an ion 
exchange column None of the methods in the hterature xvhich have been 
used for similar compounds xvas directly applicable It was found that 
Schweet’s modification (2) of Chinard’s procedure (3), as adapted to pi- 
pecohe acid, xvas suitable xxuth further modification The method as 
finally apphed to 5-hydroxypipecohc acid could also be used for prohne, 
pipecohc acid, baikiain (4,5-dehydropipecolic acid), and, xxith an addi- 
tional modification, for hydioxyproline Smee the colorimetric proce- 
dure was quite general foi cyclic iiruno acids and since any of these com- 
pounds, together xvith a number of others knoxxm to exist m nature (4, 5), 
might be found in an unknoxxm sample, a separation proceduie seemed nec- 
essary if the method xxms to be generally useful This xxas accomplished 
by ion exchange chromatogiaphy A somewhat similar procedure foi the 
determination of pipecohc acid has recently appeared (6) Qualitative 
identification of the cyclic iimno acids, including the diastereoisomers of 
the hydroxyimino acids, was made by paper chromatography 

Methods 

Ion Exchange Chromatography — Doxx'ex 50-X12, minus 400 mesh,* xxms 
rescreened through a 200 mesh sieve xxuth the aid of a jet of x\ ater The 
resin xvas cleaned, and a 50 X 0 9 cm column was poured as described by 
Moore and Stem (7) The jacketed column xxas operated at 50° and 
mounted on a Techmeon fraction collector xvith a diop-counting attach- 
ment Before each run the column xxas xvashed xvith 50 to 100 ml of 0 25 
N NaOH contaimng 1 per cent of the detergent solution employed by Moore 

* National Institute of Dental Research 

t National Institute of Arthritis and Metabolic Diseases 

'This IS a dry size designation Approximate^ 90 per cent of the xxet resin (H 
form) should pass a 200 mesh (74 n) sieve During the screening the siexe openings 
become clogged They are most easily freed by drying the sieve for a few minutes in 
an oven at 100° and then rapping it sharply against a hard surface 

687 



G8S 


CYCLIC miN-O ACIDS 


and Stem (7) and then ’inth 25 to 50 ml of citrate buffer at pH 3 10 coi 
taming the same amount of detergent The buffer of pH 3 10 wtis pa 
pared by dissohung 245 gm of sodium citrate (NajCcHsO? 2H;0) and GO) 
gm of citiic acid (HsCeHsO? HjO) in nater and adding uatcr to nnU 10 
liters The buffer uas kept m the cold uith thjnnol as a prcscr\atue 
The elutmg and uashmg solutions uere introduced into the colunui throiidi 
small bore glass tubmg set m an 18/9 ball jomt clamped to a matclimr 
socket on the top of the column The sample, m a small volume (1 mf 
or less), of pH less than 3 10, ivas placed on the top of the resin column and 
allowed to run m by gravity This uas followed by tuo small vashc', 
about 0 5 ml each, of the buffer at pH 3 10 

A pH giadient (8) u as employed to elute the immo acids The appara 
tus consisted of a resen’-oii and a mixing chamber, both 125 ml Fricn 
meyer flasks, joined near the bottoms of the flasks thiough glass outlets 'ind 
Tygon tubing A second outlet neai the bottom of the mixing cliamh 
was connected to the top of the column through 1 mm boie plastic tub'- 
With the tubmg clamped, 125 ml of buffer of pH 3 10 were placed ind 
mixing chamber and 125 ml of 0 25 n NaOH were placed m the resen Oi 
Both solutions contained detergent as before The tubmg between tb'' 
flasks w'as filled with alkali, and the tubmg to be connected to the column 
w'as filled with buffer The flasks weie set side by side at tlie samcleic! 
with the nnxmg chamber centered over a magnetic stiirer to provide con 
tmuous stirring The levels were adjusted by adding a small amount of 
alkali so that the level m the resei voir w as a few' nmi above the leicl in the 
mixing chamber to compensate for the highei density of the buffer The 
experimental arrangement provided a concave pH gradient and a con 
stant sodium ion concentration (8) 

When the sample had been w ashed into the column, a few ml of buffer of 
pH 3 10 W'ere placed on the top of the column, and the tubmg from the 
mixing chamber w as connected to the top of the column Tlie inlet tub*’ 
was tilted so that entering buffer would iim down the side The damp 
were removed and elution was allowed to proceed at 5 to G ml per hour 
To achieve this late it was necessaiy to locate the mixing chamber about 
60 cm above the top of the column ^Uternatively, pressuie could be ap 
plied to both flasks of the nnxmg device The column was used without 
lepounng for all of the experiments with no change in efficicncj' 

1 ml fractions were collected m 18 X 150 mm test tubes which had l)cc ' 
matched as described by hloore and Stem (9) The samples were ani 
lyzed diieetly m these tubes 

Colonmeinc Procedure A — ^To 1 ml fractions from the ion c\c auc 
column were added 7 ml of freshly prepared 0 15 per cent mnh\ nn m 

= Dougherty Chemicals, Richmond Hill 18, New York 
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glacial acetic acid This leageut was added with an automatic pipette^ 
with sufficient foice to piovide nuxmg Foi the deteimination of hydroxy- 
prolme the tubes weie kept at loom temperature (24°) foi 130 to 140 mm- 
utes and then lead in a Beckman model B spectrophotometer at 350 mju 
against watei Allohydioxypiohne gave maximal color m less time, 100 
minutes The average absorbance of blank tubes from the colunm was 
subtracted from each leading, and concentrations were determined from a 
calibration cuive, prepared from analyses of knovm amounts of the irmno 
acid in the buffer at pH 3 10 carried through the same procedure In 
some instances piohne was deteirmned m the same manner, except that 
280 mmutes were necessary foi the tubes to reach maximal color 

Colownetnc Procedure — As in Procedure A, 7 ml of 0 15 per cent 
ninhydrin in glacial acetic acid were added to the fractions from the column 
The tubes were covered with aluminum caps and placed m a vigorously 
boihng water bath for 35 minutes They were then removed, vnped dry, 
and allowed to cool to room tempeiature The tubes in the region of 5-hy- 
droxypipecohc acid were read in a Beckman model B spectrophotometer 
at 350 m/i, prohne at 510 mu, baikiain at 395 m/i, and pipecolic acid at 565 
m^, all against water Absorbances from blank portions of the effluent 
were averaged and subtracted from each readmg Approximate concen- 
trations were determined from cahbration curves It was necessary to 
carry standards® through the procedure at the same time as the samples for 
good precision 

Paper Chromatography — The methods used were those of Irreverie and 
Martin (11) as applied to Schleicher and Schuell No 598 filter paper with 
the order of the solvents reversed The follomng details were adhered to 
In the first dimension 35 ml of ierf-butyl alcohol-formic acid (88 per cent)- 
water (70 15 15 by volume) were employed The flow rate w as controlled 
by usmg a four strand ^Ylck to carry the solvent from the reseivoir to the 
top of the filter paper, a distance of 2 8 cm The descension was complete 
in about 18 hours In the second dimension 80 ml of tert-amyl alcohol- 
2, 4-lutidme-water (178 178 114 by volume) were emploj’-ed The flow 
rate was adjusted by using sixteen double strand wicks set in a circle 6 8 
cm in diameter with the centei cut out to facilitate handling The solvent 

® Cornwall continuous pipetting outfit, Becton, Dickinson and Company , Ruther- 
ford, New Jersey 

* In the original procedure (1) 1 nil of 2 per cent ninhj drin in glacial acetic acid 
Yas employed, followed by dilution after color development The ncv>er modifica- 
tion gives similar results and avoids the dilution 

® The 6 hydroxypipecolic acid used in earlj’’ work was kindly supplied bj Dr A I 

I irtanen In later work a sample isolated from dates bj a method similar to that 
described by Virtanen and Kari (10) was emploj ed The pipecolic acid w as a gift 
from Dr P C Steward The baikiam ivas obtained from Dr F E King 
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lei el i\as set 2 6 cm fioni the top of the filter paper Deiclopmciit w.is 
complete in 22 to 24 hours but could be stopped m 18 hours with iioirh 
good results 


RESULTS AND DISCUSSION 

Coloi Development — Proceduie B i\as designed piimanlj' for the deter 
mmation of 5-hydi oxypipecohc acid Although the conditions are nm 
necessaiily optimal for the othei cyclic imino acids, the incthocl lan 
used foi prohiie, baikiain, and pipecolic acid Pioceduie A is suitiblc fo. 
hydio\ypiolme, allohj'^dioxyprohne, and piohne 

In neithei pioceduie is the volume of miihydrin reagent oi the toncen 
tiation of mnh 3 ’'diin ciitical as long as the same conditions aie lepioduccd 




TIME (MINUTES) 

Fig 1 color clevelopmeut I'crsHS time Procedure A, •,hydro\jproline(03!)l 
limole) , O , allohydrovproline (0 377 /imole) , ■, proline (0 401 /imole) color 
development versus time Procedure B, •, 5-hydro\ypipecolic acid {0 209nmole'', 
O, prolme (0 249 A<mole), ■, pipecolic acid (0 252iimole), ▲, baikiain (0 191 nmole) 

each tmie The volume chosen, 7 ml , was a convenient one foi the 18 X 
150 mm spectrophotometer tubes The concentration selected, 0 15 per 
cent, V as a comprormse betv een bettei sensitivity at highei ninhydrin con 
centiations and the necessity of keeping the absorbance of the blanks at a 
reasonable level 

The rate of formation of color derived from hydio\ 5 'piolnie, allohjdrow- 
prohne, and pioline (Proceduie A) is presented m Fig 1, A The color 
from allohydroxypiohne reaches a maximum in about 100 minutes and does 
not change maikedly foi about 15 minutes The absorbance from In 
droxyprohne is highest after about 130 minutes Prohne is much slower, 
reachmg a fairly bioad plateau m about 280 minutes The effect o i 
ferent times in the w atei bath (Procedure B) on the color developmcn o 
5-hydroxypipecolic acid, prohne, baikiain, and pipecolic acid 
Fig 1, B In all cases maximal coloi is reached in 35 minutes T ic co^c^^ 
are stable at room temperature for at least several hours In the m 
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prohue and 5-liydio\ypipecohc acid, they aie even stable in the boiling 
watei bath The pH of the citiate buffer has no influence on the coloi in 
eithei piocedure in the range 3 10 to 4 00 Othei buffers oi buffers of dif- 
feient stiengths veie not tiied, nor uas the effect of tempeiature investi- 
gated 

The natuie of the coloi ed compounds was not mvestigated Troll and 
Lmdsley (12) have suggested that the acid condensation product of prohne 
and ninhydiin is the enol foim of the di-(diketohjrdnndihdene) pyrrole 
It IS probable that the other cyclic imino acids, except the hydroxyprolmes, 



Tig 2 Absorption spectra of the cyclic imino acids after reaction with mnhj - 
dnn in glacial acetic acid The dash line was obtained with prohne (0 401 pmole) 
by Procedure A, hj’^droxyproline and allohydroxyproline gave the same spectrum 
The solid lines were obtained by Procedure B Curve 1, 5-hydroxypipecolic acid (0 324 
nmole), Curve 2, baikiain (0 382 pimole), Curve 3, prohne (0 401 nmole), Curve 4, 
pipecohc acid (0 383 nmole) The spectra were taken on a Beckman DK 2 recording 
spectrophotometer with 1 cm cells 

form analogous compounds m Pioceduie B Howevei, this camiot be a 
complete explanation, since the amount of coloi obtained by Procedure B 
IS not reproducible The pioduct obtained from piohne and hydroxypro- 
hne at room tempeiatuie (Pioceduie A) may lepiesent the condensation of 
1 molecule of ninhydrm mth 1 molecule of innno acid 
Absorption Spectra— The absorption spectra of the cyclic imino acids 
appeal m Fig 2 Hydroxyprohno, allohydroxyproline, and prohne gn o 
identical absorption spectra by Pioceduie A inth a niaxiinum at 350 ni/i 
The other cyclic imino acids studied shoii no light absoibance iindei the 
Conditions of Pioceduie A in amounts less than 0 5 ^irnole In Procedure 
d-hydioxypipecolic acid, piohne, baikiain, and pipecohc acid give en- 
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tirely diffeient absorption spectra in spite of the sinnlantj of Mnuture 
The absoxption ma\ima appear at350, olO, 395, and 565 in^, icspectneU 
this proceduie, hydroxypioline and alloh^'dioxypiohne show a snnll 
absoi banco thioughout the ^ isible legion w itli a plateau around 350 Imt 
the color jield at this ua\e length is only about one-tenth that produce'! 
bj' 5-hydro\ypipecolic acid 

Cahhraiion Curves — A calibiation cur\e foi hydroxj'prohnc (Procedure 
A) appears in Fig 3 winch is linear to an absoi bance of about 0 5 and then 
curves slightly Eaeh point is the aveiage of five single detciniinatioib 
done on diffeient da 3 's The standaid deviation around these points i- 



MICROMOLES OF IMINO ACID 

Fig 3 Calibration curves The dash line represents hydro\yprohnc anal} zed 
by Procedure A The solid lines are typical curves determined bj Procedure B 
• , 5-hydro\ypipecolic acid, O, proline, A, pipecolic acid, A, baikiain A Beck 
man model B spectrophotometer and 18 X 160 mm test tubes were used 

0 010 absorbance unit, which is equivalent to 0 005 /imolc of liydrovjpro 
line in the linear portion of the curve Although alloh 3 'dro\yprolinc and 
proline have not been examined as thorough^', the 3 ’’ appear to show a 
similar degree of ieproducibiht 3 ’' but somewhat different coloi 3 ields B' 
a single determination the slope of the proline calibration cunc was 4 per 
cent greater than the hydro\ 3 ’proline curve, w'hile the slope of the aliolij' 
droxypiohne curve w’as 15 per cent greater 
Unlike Procedure A, Procedure B does not give reproducible results 
one day to the next Typical calibration ciinTS are show n in Fig 3 
slopes obseived for 5 -hydrox 3 ’-pipecolic acid, piolme, and baiknin lar^ 
betw'een about 2 5 and 3 5 Pipecolic acid usualb’’ had a slope near ^ 
but on occasion was as high as 3 0 How ever, as is apparent from » 
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the piecision witlun a single gioiip of deteiminations is excellent, and the 
calibiatioii cuives aie essentially lineai, accuiate determinations can be 
made by including standards with the unknowns 
Ion Excha7ige Chromatogi aphy — The sepaiation of a mixture of cychc 
iiniiio acids by ion exchange chiomatography is demonstiated in Fig 4 
With the 50 cm column the sepaiations are complete m every case Foi 
many applications a considerably shorter column could be employed 
For example, hydioxyprohne and piohne can be separated easily on a 15 X 
0 9 cm column of Dowex 50 by usmg the buffer at pH 3 10 mthout a 
gradient A sirmlai procedure has been described by Rogers et al (13) 



FRACTION NUMBER 

Fig 4 Ion exchange chromatography of a known mixture of cyclic imino acids 
on a so X 0 9 cm column of Dowex 50-X12, minus 400 mesh The 1 ml fractions 
through 58 were analyzed by Procedure A, the rest by Procedure B The tubes in 
the region of hj droxyprolme (0 801 /imole), allohydrox 3 'proline (0 785 pmole), and 
5 hydroxypipecolic acid (0 690 nmole) were read at 350 m^i, prolme (0 912 /imole) at 
510 baikiain (0 478 /imole) at 395 m/i, and pipecolic acid (0 766 /xmole) at 565 m^i 
A water blank was used The dash line represents the pH gradient 

The pH gradient is not necessary, but it is convement since it speeds the 
movement of the slower moving irmno acids and sharpens the peaks At 
pH 3 10 on the 50 cm column, pipecolic acid appears m the effluent at 
about 175 ml compared to about 110 ml xvhen the gradient is used 

Not all of the knoxm cyclic imino acids hax'^e been examined by these 
Procedures Those not studied include 4-hydroxypipecolic acid, y-methjd- 
Piohne, 7-methyl-7-hydroxyproline, 3 ,4-dehydropiperidine-3-carboxyhc 
acid, and acetidine-2-caiboxyhc acid (4) The presence of any of these in 
a niixtuie might require a modification of the present ion exchange methods 
fo achieve complete resolution Since each of the muno acids so far ex- 
aniined by Procedure B has given an absorption spectrum unlike any of 
others, the presence of a new imino acid vould almost certainly be 
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e\ ident In fact, the absorption spectrum and the position in the cfilucut 
should prm ide nearly uneqmvocahle proof of identit}’- Such e\ idence cm 
be stiengthened further bj-- paper chromatogiaphy (discussed below) 

As has been reported pieviously for a 100 cm column (14), the dim 
tereoisomers of ly'droAj’-prohne separate completelj’- on the 50 cm column 
TIus IS not true of the diastereoisomeis of 5-hydio\ypipecohc acid Ihc 
presence of both isomers mamfests itself by only a shglit bioacleniiig of the 
peak A 150 cm column ivill separate them enough foi analytical pur- 
poses (1) 

The recoveries of the imino acids from the column aie complete within 
the expenmental erior For example, m the experiment shown in Fig 1, 
the following pel cent recoveries were obtained hydroxyprohne 98, alio 
hydroxyprolme 105, S-hydroxy^pipecohc acid 97, prolme 97, baikiam JO.’, 
and pipecohc acid 99 The fiist two recoveiies w'ere calculated from call 
bration curves (Piocedure A) The rest wme calculated fiom a standanJ 
(in duplicate) analyzed with the samples (Proceduie B) 

Interferences — To examine the effect of the presence of othei amino ac ’ 
a knowm mixture of all the ammo acids commonly found m piolcmb 
drolysates was chromatogiaphed on the ion exchange column Thrc’ 
sepaiate aliquots w'ere analyzed, one by Piocedure A, the second byl’ro 
cedure B, and the last by the Mooie and Stem nmhydiin method (lo), 
w'hich show's all of the ammo acids Aspai tic acid (2 /imoles) gave a bnrth 
visible increase m the blank values followang hydroxypi ohne (Procedure A) 
Asparagine, which moves with allohydroxyprohne, behaved sinnlarlv In 
large amounts it might be mistaken foi allohydioxypiohne, except that it 
does not surAuve acid hydrolysis Glutamic acid, which appealed immcdi 
ately after 5-hydroxypipecohc acid, and alanine, wdiich W’as found in ncarh 
the same position as baikiain, reacted m Piocedure B to a very small c\ 
tent In each instance the amount of color obtained was considcrabb 
less than one-hundredth that gn^'en by the cyclic imino acids None of the 
other ammo acids in this portion of the effluent could be seen in amount'; 
up to 3 jumoles 

Anuno acids that w'ould be found m other portions of the effluent, such 
as the basic ammo acids, and other classes of compounds have not liw" 
examined for possible mterfeiences But it is evident that in general t if 
colorimetric methods cannot be applied diiectly to complex biological "am 
pies w'lthout the chromatographic separation It may be possible m 
specific instances 

Paper Chromatography — ^A tracing of a composite tw o-dimensiona pai’|'^ 
chromatogram of the cyclic imino acids, together wuth the common aimn^ 
acids, appears in Fig 5 Ninhy'drin reacts with the cyclic 
the paper to give distinctive colors, especially when viewed umcru 
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violet light In natural light the hydioxyprohnes appear pmkish yellow, 
fading to brown Proline and baikiain aie yellow, the former fading to 
bromi while the lattei is stable for seveial months in the dark Pipecohc 
acid and both 5-liydroxypipecohc acids are purple, also fading to bronm 
In ultraviolet light piohne, baikiain, and the hydroxyprolines fluoresce 
brick-red, the otheis are a blighter red All of the cyclic imino acids give 
a blue to gieen-blue coloi nuth isatin The specific colonmetric test de- 
vised by Jepson and Smith (16) for hydroxyprohne is also given by the aho 



Pig 5 A tracing of a composite, two dimensional paper chromatogram of cj^clic 
imino acids 1, allohydroxyproline, 2, hydroxyprohne, 3, allo-S-hydroxypipecohc acid, 
4, S hydroxypipecolic acid, 5, proline, 6, baikiain, and 7, pipecohc acid The com- 
mon amino acids shown are 8, cystine, 9, lysine, 10, arginine, 11, histidine, 12, as- 
partic acid, 13, glutamic acid, 14, serine, 15, glycine, 16, threonine, 17, alanine, 
18, valine, 19, isoleucine, 20, leucine, 21, phenylalanine, 22, methionine, 23, tyrosine, 
and 24, tryptophan 

form, but not by the other cyclic immo acids Some of these compounds 
have been studied by other methods of paper chromatography (4, 5, 17) 
These techmques proved valuable as a prelirmnary guide and to provide 
confirmation of identity The diastereoisomers of hydroxyprohne and 5- 
hydroxypipecohc acid could be separated on paper In both cases the alio 
form moved more slowly in the basic solvent ® 

Cyclic Imino Acids in Dates— The colorimetnc and chromatographic 
methods were apphed to a prehminary study of dates (cf Grobbelaar, Pol- 

'It has recently been shown (B Witkop and C M Foltz, in preparation) that 
naturals hydroxypipecolic acid (from dates), like h 3 'dro\ 3 proline, has its functional 
Groups m tf^ns arrangement 
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laid, and Steward (17)) Fig 6 shows the analysis of the efiluent fro lu 
chromatogram of 0 5 gm (wet weight) of the date peiicaip (Cala\ o braiifh 
The total pericarp was h 3 'drol 3 '’zed in 3 times its weight of 0 \ IICl for'Jl 
hours at 105° The follow ing cyclic imino acids w ci c found in the approu 
mate amounts indicated (mg per gm ) hydioxypiohne 0 13, 5-h\(lro\\ 
pipecolic acid 1 S, pioline 0 7, and pipecohc acid 0 005 These substance 
were identified by their positions in the effluent and then absorption sjici 
tia, each w'as also found on paper chiomatogiams A studj of dial^zablc 
and non-diatyzable fractions, with and without hydiolysis, showed lint 
hydroxyprohne occuried only in combined foim in the non-dial} zablc por 
tion Pipecohc acid and 5-hydro\ypipecohc acid were found only m the 
free state Prohne occuried both fiee and combined 



FRACTION NUMBER 

Fig 6 Ion exchange chromatogram of 0 5 gm of acid-hydrolyzed date pcncarp 
The conditions were the same as those for the known nuxture appearing in Fig 4 

The small peak foUowung hydioxyprohne is aspaitic acid which is prccent 
m very high concentrations The peak following prohne lesults from ala 
mne w^hich also mtei feres at high concentrations 

The cychc immo acids m dates have been examined quahtatnelj b) 
Grobbelaar, Pollard, and Steward (17) The results reported here ngree, 
except that baikiain was not found 

SXJiaiARY 

Two colorimetric procedures are described for the quantitative anali-^ 
of cychc immo acids in the effluent fractions from an ion exchange co uni^ 
Both employ mnhydnn in glacial acetic acid When the reaction is 
out at room temperature, the method is suitable for hydroxypro me, a 
hydroxyprohne, and prohne Heatmg at 100° pernuts the determm 
of 5-hydroxypipecohc acid, prohne, baikiam, and pipecohc acid 
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The sepaiation of these compounds by ion exchange and paper chroma- 
tographj'' IS desciibed The diasteieoisomeis of hydioxypiohne and 5-hy- 
droxypipecohc acid can be sepaiated by papei chromatogiaphy and, in the 
foimei case, by the ion exchange method 
These methods weie employed to study the cyclic imino acids of dates 
Hydiox}’-prolme, pioline, 5-hydi oxypipecohc acid, and pipecohc acid nere 
found and then appioximate amounts weie estimated 
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OCCURRENCE OF THE 8-METHYL ETHER OF XANTHURENIC 
ACID IN NORMAL HUMAN URINE* 

By J M PRICEt and LINWOOD W AXEN DODGE 

{From the Cancer Research Hospital, Medical School, University of Wisconsin, 

Madison, Wisconsin) 

(Received for publication, March 28, 1956) 

During the development of a chromatographic procedure foi the deter- 
mination of urinary kynuremc acid (1), it was found that both kynuremc 
and xanthuremc acids could be removed from Dowex 50 (H+) columns by 
ivashmg noth a large volume of water i When human urine was passed 
through Dowex 50 columns, paper chromatography of the concentrated 
water effluents revealed an additional fluorescent spot This additional 
compound has been identified as the 8-methyl ether of xanthuremc acid 
This methyl ethei has been found m every human urme studied and its 
excretion invanably increased after the ingestion of L-tryptophan 

Methods 

Reagents — ^Xanthuremc acid 8-methyl ether was prepared by alkahne 
hydrolysis of ethyl 8-methoxy-4-hydroxyqumaldate (2), mp^ 240-241° 

CiiHsO^N Calculated C 60 27, H 4 14 

Found 3 » 60 26, 60 37, H 4 27, 4 18 

The correspondmg 8-ethyl ether was prepared by a sumlai method, m p 
240-241° 


C12H11O4N Calculated C 61 80, H 4 76 

Found “ 61 74, 61 82, H 4 73, 4 73 

8-Methoxy-4-chloroqumaldic acid vas prepared by treating 8-meth- 
oxy-4-hydroxyqumaldic acid with POOL (3) , m p 130-133° 

* Supported in part by the American Cancer Society upon recommendation of the 
Committee on Growth of the National Research Council, the Wisconsin Division of 
the American Cancer Society, the American Cancer Society Institutional Grant 
No 71A, and the National League Baseball Club of Milwaukee, Inc 

t Scholar in Cancer Research of the American Cancer Society 

‘ Price, J M , impublished data 

3 All of the melting points were uncorrected These compounds all decomposed 
at the melting point They were all placed in the block about 20 below the melting 
point and heated at 2° per minute 8-Metho\y-4-chloroquinaldic acid resolidified at 
about 138“ 

3 All elemental analyses were made by the Clark Microanalytic Laboratory , Ur- 
bana, Blinois 
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CnHsOjNCl Calculated, Cl 14 92, found, Cl 15 24, 15 12 

8-Ethov-4'Chloroqumaldic acid (m p 159-160°) was pieparcd in tlic '•■u, , 
manner 

CijHioOjNCl Calculated, Cl 14 09, found. Cl 14 02, 13 SI 

Xanthuremc acid was prepaied bj”- heating 0 5 gm of its incthjl cthc. 
in a mixture of 50 ml of glacial acetic acid and 10 ml of 57 per cent 111 <it 
reflux temperature for 5 days 

6-Hydro\ykynuremc acid was piepared according to hlakino and Tati 
haslu (4) Its 6-metli3d ethei (mp 278°) was prepaied by alkaline la 
drolj^sis of ethjd 6-metho\y-4-liydro\yqu2naldate (4) Kymi enic acid lU' 
available fiom mateiial used in pievious studies (1) 

All of the synthetic compounds were puufied until they reached const wi 
melting points and show'ed single fluoiescent spots on papei cliioinato: 
raphy m the five solvent systems used (Table I) 

Isolation, of Quinoline Compounds f tom Urine — 5 pei cent of a 211 r 
human mine was diluted to 120 ml w'lth H2O and 30 ml of 1 n HOth ’ 
added The acidified mine w'as passed thiough a 0 9 X 3 0 cm colnnu' 
of Dow'ex 50 (H+) (1) and the column w'as w'ashed with 50 nil of02\ 
HCl, 100 ml of 0 5 N HCl, and 60 ml of H2O The quinoline conipoiind 
were then eluted with 400 ml of H2O The w'atei was remmed in lacio 
with the aid of a w^atei bath at 55° and the lesidue was dissolved in 1 ml of 

0 1 K NH4OH for paper chromatograph^’’ 

For the isolation of larger quantities of these compounds from urine, tli'' 
above procedure has been used on 200 times this scale to handle ten 21 
hour urine samples To simplify the large scale proceduie, the quinoline 
compounds weie collected fiom the water effluent from the Dowc\ 50 In 
passing the solution through a 5 6 X 6 1 cm column of Dow ex 1 formate 
The quinoline derivatives were eluted from the formate column wiili ^ 
liters of 10 N HCOOH The acid eluate wms evapoiated to drjmcss in 
on a w’ater bath at 55° 

Separation of Kynurenic Acid, Xanthurenic Acid, and Xanihweme Aci'l 
Methyl Ether — The thiee S5mthetic quinoline compounds were eluted from 

1 3 X 16 cm columns of Dowex 1 foimate (5) b}’’ a gradient elution (l>' 
with formic acid With 250 ml of H2O in the mixei and COO ml of 10 *• 
HCOOH m the reservoii, 200 fractions of 3 0 ml each were collected m - 
hours A single drop from each tube from Tubes 80 to 180 was spot 0 
on filter paper, dried, exposed to NHj fumes, and examined at once 
ultraviolet light Kynurenic acid was revealed as a dark, absorbing 
w^hile xanthurenic acid and its S-methjd ether showed bright }c 
bnlhant light blue fluorescence, respective!}’’ Tubes 88 to 105 con m ■ 
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kyuuiemc acid, while \anthuiemc acid ether was found in Tubes 114 to 
132, and \aiithuieuic acid was piesent in Tubes 142 to 160 The columns 
would handle no nioie than 5 mg of any one of the three compounds 
The mixture of qumohne compounds fiom mine was dissolved m 01 n 
NHiOH foi application to the Don ex 1 formate columns After n ashing 
the colunui mth 200 ml of H2O, the uiinary qumohne compounds weie 
eluted as desciibed The appiopiiate fiactions were pooled and evaporated 
to dryness in vacuo on a watei bath at 55° 

The xanthuremc acid deiivative isolated fiom ten 24 hour urme samples 
was divided into three portions The dried residue from one portion was 
heated for 6 horns undei reflux mth 1 ml of 57 per cent HI Another 
portion was heated mth 1 ml of POCI3 for 2 hours to make the 4-chloio 
derivative The reagents were removed tn vacuo and the contents of the 
flasks were dissolved m05ml ofOlN NH4OH for paper chromatography 
The leinammg portion of the compound isolated from urme was used for 
the ultraviolet spectra and paper chromatography 
Paper Chromatography — The details of the paper chromatography are 
given m footnotes to Table I The diazotized sulfamhc acid was used for 
spraymg the chromatograms as described by Dalghesh (8) All chromato- 
grams were also sprayed mth 1 7 per cent FeNH4 (804)2 I2H2O, followed 
by 5 per cent NaHCOa 

Results 

It was apparent (Table I) that the new urmary qumohne compound was 
indistmgmshable from synthetic xanthuienic acid 8-methyl ether 
The ultraviolet spectrum of the new urmary product was almost identical 
mth that of the synthetic 8-methyl ether of xanthuremc acid m 0 1 M phos- 
phate buffers at pH 2 0, 7 4, and 12 0 
When ahquots of 24 hour urine collections from normal human subjects 
uere applied to Dowex 50 columns and the columns were washed mth 
watei as described, paper chromatograms of the concentiated ivatei ef- 
fluents always revealed spots corresponding to kynurenic acid, xanthuiemc 
acid, and the 8-methyl ether of xanthurenic acid Ingestion of 2 0 gm of 
L-tryptophan was always followed by an increase m the intensity of the 
fluorescence of the spots coirespondmg to each of these three compounds 
It was estnnated that the tryptophan supplements increased the excretion 
of the methyl ether to 2 to 5 tunes the basal levels 
When the procedure was applied to normal dog urine, it ivas possible 
to detect kynuremc and xanthurenic acids Cat urine contained a trace of 
hynuremc acid, but the methyl ether of xanthurenic acid could not be de- 
tected in either cat or dog urme 

When the water efiiuents from the Dovex 50 columns were chromato- 
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graphed on Dowex 1 formate as described, the three urinary qumoline com- 
pounds weie eluted with formic acid as were the corresponding S 3 '^nthetic 
metabolites Concentrates of the three fractions gave single spots on 
paper chromatogiaphy 

The uncleaved methyl ether of xanthurenic acid was readily detected by 
paper chromatogiaphy m impure samples of synthetic xanthuremc acid 
Samples of xanthurenic acid prepared m several laboratories were found 
to contain this impurity v hich has been considered to be xanthurenic acid 
(7) in paper chromatographic studies Because of the limited solubilities 
of these two qumohne compounds m formic acid, it was not convenient to 
utilize chromatography on Dowex 1 formate for the purification of large 
amounts of synthetic xanthurenic acid However, the methyl ether could 
be completely cleaved to xanthuremc acid by refluxing HI and acetic acid 
in 5 to 8 days Since the length of time required to cleave the last traces 
of the methyl ether varied, the progress of the reaction was always followed 
by paper chromatography 

No conclusive evidence was obtained for the presence of 6-hydroxy- 
kynuremc or 6-methoxykynuremc acids on paper chiomatograms of the 
water effluents obtained after passing human urine through Dowex 50 
columns Although the fluorescence of 6-methoxykynurenic acid was simi- 
lar to that of xanthurenic acid methyl ether, it clearly separated from the 
latter in several of the paper chromatographic systems 

DISCUSSION 

Lederer (9) recently called attention to the fact that methylation of 
phenolic hydroxyl groups had not been observed m ammals, although 
methyl ethers have been found m numerous plant products Shortly 
thereafter Maclagan and Wilkinson (10) found that butyl-4-hydro\y-3,5- 
diiodobenzoate was partly metabolized by man to the corresponding methyl 
ether Rats and rabbits failed to excrete the methoxy derivative 

Lederer and Polonsky (11) isolated feiuhc acid and some thenucally 
similar methyl ethers from horse urine More recently Aimstrong, Shaw, 
and Wall (12) have detected several of the same meth 5 d ethers m human 
urine Although it is possible that these phenolic ethers w ei e derived from 
methyl ethers m dietary plant material (9, 12), the obseivations of Mac- 
lagan and Wilkinson (10) and the present studies make it increasingly likely 
that such compounds may be metabolic products m animals 

Studies are now m progress concerning the mechanism and site of sj^n- 
thesis of xanthurenic acid methyl ether in animals 

SUMMARY 

A compound identified as the 8-methyd ether of xanthurenic acid was 
found m normal human urine It was present in quantities of perhaps 
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less than 1 mg m eveiy 24 bom human uime studied and the e\crctio’i o 
this methyl ethei mvanably mci eased aftei the ingestion of i-tnptoplni, 
Xanthuiemc acid S-meth^d ether appeals to be the fiist examplo of tlv 
evcretion of a methyl ethei by an animal following the ingestion of a no- 
nial nutrient 

A pioceduie was desciibed foi the puuficatioii and separation of kimi 
renic acid, xanthuremc acid, and xanthuiemc acid metlijl ether from iinne 

The syntheses of S-methox}’'- and 8-ethox3"'4'hj'-droxyquinaldic acids .i 
well as S-methoxj’’- and S-ethox3’'-4-chloi oqumaldic acids, weie report cci 

The authors wish to thank I\'Ii Meredith L Nelson foi valuable as 1 1 
ance with the S3Tithetic wmrk 
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the conversion of kynurenic acid to quinaldic 

ACID BY HUMANS AND RATS* 


By HITOSHI TAKAHASHI, MASAICO KAIHAHA, and J M PRICEf 

(From the Cancer Research Hospital, Medical School, University of Wisconsin, 

Madison, Wisconsin) 

(Received for publication, June 5, 1956) 

The ingestion of large doses of L-tryptophan by humans and dogs was 
followed by the urinaiy excretion of increased amounts of a compound 
chromatographically and spectioscopically identical with quinaldic acid 
(1) Subsequently it was observed that ingestion of kynurenic acid by 
man led to the excretion of comparatively large amounts of this same 
metabolite, which has now been isolated in crystalline form and identified 
as quinaldic acid 


Methods 

Kynuremc acid used in pievious studies (1) w'as suspended in water for 
ingestion by human subjects and admimstration to rats by stomach tube 
Urine collections were made under toluene in amber bottles 
Quinaldic acid was isolated from human urine as previously described 
(1), but on a scale 40 times as laige in order to handle 48 hour urine col- 
lections After removal of the 3 0 n HCl in vacuo on a water bath at 55- 
30°, the residue was dissolved in 0 2 n HCl, adsorbed on a 1 3 X 20 5 cm 
column of Dowex 50 (H+), and removed by gradient elution (2) The 
reservoir contained 600 ml of 6 N HCl and the mixer 250 ml of H2O, and 
the 3 0 ml fiactions m Tubes 100 to 185 were examined by ultraviolet 
spectrophotometiy for the presence of quinaldic acid The appropriate 
fractions ivere pooled and evaporated as before, and the residue ivas dis- 
solved in 0 2 N NH4OH for application to a 1 3 X 16 cm column of Doivex 1 
formate (3) After another gradient elution (reservoii, 600 ml of 4 n 
HCOOH, mixer, 250 ml of H2O, 3 0 ml fractions). Fractions 46 to 80 
"ere pooled and evaporated to dryness Colorless crj^stals weie obtained 
from the residue after reciystallization fiom benzene The quinaldic acid 
from rat mine ivas purified chromatographically, but cr3''stals were not 
obtained 

* Supported m part by Institutional Grant No 71 A from the American Cancer 
Society, the American Cancer Society upon recommendation of the Committee on 
Grovith of the National Research Council, the Wisconsin Division of the American 
Cancer Society, and the National League Baseball Club of Milwaukee, Inc 
t Scholar m Cancer Research of the American Cancer Societj 
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QUINALDIC ACID IX URINE 


The qumaldic acid was decaiboxylated (4) and the qinnohncwasiH.l.tf i 
as the picrate The iiltiaviolet spectia of natuial and synthetic quinaUi 
acids were compaied with the aid of a Beckman model DK spectrophoto i> 
eter The methods foi papei chromatogiaphy (5) and foi the quantitatui 
deteiminations of the vaiious ti^vptophan metabolites weic those jm 
^’lously described (1, 6, 7) 


Results 

The urinary excretion of kynuienic and qumaldic acids before and afar 
ingestion of a single dose of k 3 Tiurenic acid is show n m Table I Ingcstm i 

Table I 

Average Daily Urinary Excretion in Micromoles of Kynurcmc 
(KA) and Qumaldic Aad (QA) after Ingestion of Single 
Dose of Kynurcmc Acid 


No of 
subjects 

Dose KA 

Metabolite 

1st <la> before 
ingestion 

Da} s after KA ingeslio: 

1 

2 

i 


iimoUs 






3* 1 

820 

KA 

14 

118 

28 

li 



QA 

5 

20 

39 

7 

2* 

410 

KA 

11 

61 

21 

IS 



QA 

4 

31 

67 

33 

1* j 

164 

KA 

14 

30 

12 

14 

1 


1 QA 

6 

30 

29 

! a 

2t ; 

164 

KA 

0 3 

7 0 

1 4 

Oo 



QA 

0 3 

i 

4 5 

2 0 

1 0 


* Humans 
t Rats 


of kynuremc acid failed to alter the unnaiy excietion of xanthiircmc ncKi, 
A^-methyl-4-quinolone, 4-quinolone, A’'-meth3d-2-pyridone-5-carbo\flmid(', 
anthramhc acid glucuromde, anthianilic acid, o-aminohippunc acid, aref\l 
kynurenme, oi kynurenine by humans oi lats 
Aftei ingestion of 820 Mmoles (155 mg ) of kynuiemc acid, 37 and 2o w:. 
of colorless ciystals of qumaldic acid were isolated fioin 48 hour unn'' 
collections from twm subjects One subject ingested 410 nmoles of Kiw- 
renic acid on another occasion and 13 mg of qumaldic acid were 
tamed The crj’-stals melted' at 155° (4) with decomposition, cither a e 
or when mixed with authentic qumaldic acid The piciatcs of the tery 
boxjdated natuial oi authentic qumaldic acids melted at 200 a e"'’ 
mixed with authentic quinoline picrate 

' All melting points were uncorrected 
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The spectia of natuial quinaldic acid suggested that the isolated ma- 
terial was the known dihydiate (4), and drying over PoOb at 100° resulted 
in loss of weight equivalent to 2 moles of ivater The spectia of each prep- 
aration of the natural product in 0 1 m phosphate buffers at pH 2 0, 7 4, and 
12 0, and m 3 0 N HCl were identical ivith the spectra of synthetic quinaldic 
acid 

On paper chromatograms quinaldic acid vas revealed as a dark purple 
spot undei ultraviolet light The authentic and natural compounds did 
not separate when chromatogiaphed together and had identical Rp values 
of 0 83 and 0 71m the acidic and alkaline solvent systems (5), respectively 
Quinaldic acid vas also detected in the purified fraction from rat urine 
with the aid of paper chromatography 

DISCUSSION 

Since the ingestion of n-tryptophan v as followed by the unnary excre- 
tion of a substance which was chromatographically and spectrophotometri- 
cally identical with quinaldic acid (1), it would appear that kynuremc acid 
foimed from tryptophan was conveited to quinaldic acid m a manner similar 
to admimstered kynuremc acid 

Elhnger and Matsuoka (8) found that qmnaldic acid was not oxidized to 
kynuremc acid by rabbits They did not mention attempts to demonsti ate 
the reverse reaction 

Prehnunary studies have shown that orally ingested kynuremc acid-car- 
boxyl-C^^ ivas excreted in the mine of man and lats m part as quinaldic 
acid-carboxyl-C^^ After the addition of kynuremc acid-carboxyl-C'^ and 
non-radioactive quinaldic acid to normal human urine, the quinaldic acid 
which was isolated was not radioactive ^ 

Quinaldic acid appears to be a new natural product, and its formation by 
the dehydroxylation of kynuremc acid apparently represents a new' bio- 
chemical reaction 


SUMMARY 

As much as 29 per cent of a single oial dose of kynuremc acid was ac- 
counted for in the urine of human subjects as quinaldic acid The same 
metabolite w'as detected in rat urine after ingestion of k 3 'nurenic acid 
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GASTROINTESTINAL DIGESTION OF STARCH 

ir PROPERTIES OP THE INTESTINAL CARBOHYDRASES* 

Bt JOSEPH EARNER and R E GILLESPIE 

(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana, Illinois) 

(Received for publication, March 20, 1956) 

In terminal stai ch digestion in the small intestine, the enzymes ohgo-1 , 6- 
glucosidase and maltase (a-glucosidase) have been shown to complete the 
hydrolysis of the saccharides left after a-amylase action (1) In a previous 
paper, ohgo-1 , 6-glucosidase has been identified, partially separated from 
maltase, and differentiated from the polysaccharide debranchmg enzyme 
amylo-l , 6-glucosidase (1) In this paper some of the properties of the 
intestinal carbohydrases aie piesented Particular attention has been 
paid to the possible importance of histidine in enzyunatic hydrolysis 
Some of this work has been the subject of a prehminary report (2) The 
properties of amylo-l , 6-glucosidase are reported in another commumca- 
tion (3) 


Materials and Methods 

Enzymes — Ohgo-1 , 6-glucosidase was prepared essentially as pieviously 
described (1) It has been found that higher yields aie obtained when the 
enzyme is fractionated in the presence of Veisene Accoidingly, 0 001 m 
V ersene was included in all aqueous solvents used 
Sohd ammomum sulfate was used duiing the fractionation in place of a 
saturated solution Solid KHCO3 ivas used to adjust the pH to 7 aftei 
ammomum sulfate addition Unless otheimse stated, fractions m these 
experiments were 18 to 44 per cent ethanol fractions The preparation 
of maltase essentially free of ohgo-1, 6-glucosidase activity is desciibed 111 
a later section Othei enzymes were prepared bj'" methods already cited 
( 1 ) 


Coenzymes and Substrates and Inhihitois 

The sources or methods of pieparation of coenzymes and substiates hai^e 
been listed (l) Ti is (hydroxymethyl) aminomethane (Tris), purchased 
horn the Sigma Chemical Company, vas sublimed befoie use (c; /-Butyl- 
amine, 2-amino-2-methyl-l-propanol, and 2 -amino- 2 -meth 5 d-l ,S-propane- 
diol weie purchased from the Eastman Kodak Company The first tvo 

Supported m part by a grant from the National Science Foundation 
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were redistilled before use, and the last uas recrj^stallized twice fro 
aqueous acetone Glj^cylgb^cine ’VAas purchased from the Sigma Chen,! .1 
Company When it was found that some batches were mlubiton m tlr 
spectrophotometric assay, the dipeptide was sjmthesized bj the nieih.d 
of Schott and collaboratois (4) and recrj^stalhzed from aqueous ellnnn' 
Tetramethyl pyrophosphate (TMP) was kindly supplied by C M Keirn 
Department of Entomology, and diisopiopyl fluorophosplmtc (DrPj in' 
B J Jandorf and W H Summeison, Army Chenucal Center, Maiwhnd 

Analytical 

Activities of intestinal carboh3'-drases wmre determined spcctrophoto 
metrically, as previously described (1), with the following moclificatioib 
Reaction mixtuies weie decreased from 3 to 0 9 ml and nm m 1 ml ciliii 
dncal cells w ith 1 cm light path By reducing the amount of glyc3'lgh «( ' 
buffer and bj'' increasing the ratio of glucose-6-phosphate dehj'drogeni- 
to hevokinase, a 3|-foId increase in activity has been obtained A tqi 
reaction mixture is given in Fig 2 Except when otherwise stated, at * 
will refer to a change in optical density of 0 001 per minute as preMoP\ 
defined (1) with the 0 9 ml reaction mixture 

Protein wms routinely determined by tiicliloroacetic acid piecipitati'i 
(1) In some cases (Table I) the biuret method of Robinson and Hogden 
(5), the phenol method of Lowmy and collaboratois (6), and the ultra 
violet absorption at 280 mfi (7) w'ere also used Bovine plasma nibumm 
seived as standaid with all of the methods employed 

For depi otemization the Ba(0H)2ZnS04 method of Somogji (8) \'a 
used Reducing power was deternuned by methods previousb dctailcvl 
( 1 ) 


Particulate Nature of Enzymes 

The particulate nature of the intestinal caibohydrases was suspcdcf! 
wdien it was found that enzymatic activity deci eased upon prolonged liigb 
speed centrifugation In addition, sharp fiactionation with ammonium 
sulfate has not been achieved and attempts to elute enzyme adsorbed on 
calcium phosphate and alumina gels were not satisfactor}”^ quantitatuoh 
The effect of repeated freezing and thawung of mtesime on the speei^ 
activity of mucosal extracts was therefoie studied Sections from 
same intestinal segment were used for preparation of extracts Ah 
steps w’ere carried out at 3° under sinular conditions 10 gm portions ' 
mucosa (Table I) were extiacted with equal wmights of sand and 5 
of 0 9 per cent NaCl-0 001 m Versene, pH 7 0 (hereafter rcfcrrci 0^ ^ 
salme-Yersene) Extracts were centiifuged m the International j 
ated centrifuge (model PR-2) with the multispeed head at liighe 
foi 30 minutes, and filtered through Yfiiatman No 1 paper Bu^ 
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earned out for 5 hours against sahne-Versene to lower the endogenous 
glucose content pnoi to assay Specific activities (Table I) of maltase and 
oligo-l,6-glucosidase increased more than 3-foId after freezing and thaw- 
ing the intestine tmee 

To identify the particulate nature of these carbohydrases further, differ- 
ential centnfugation experiments were performed by a procedure modified 
from Morton (9) (Table II) Intestines collected at the slaughterhouse 
were received m the laboratory, packed in ice mthin several hours after 
slaughter The contents were first nnsed ivith 0 25 m sorbitol-0 001 m 
Versene, pH 7 4 (hereafter referred to as sorbitol-Versene), sections ivere 
slit open, and mucosa were removed by scrapmg with a knife A 20 gm 


Table I 

Effect of Freezing and Thawing on Activity* of Intestinal Carbohydrases 


Preparation 

Volume 

Ohgo- 

1,6-gluco- 

sidase 

Maltase 

1 

Protemf 

Specific activity 

Oligo- 
1 6-gluco 
sidase 

Maltase 

Fresh 

Frozen and thawed (once) 

" " " (twice) 

ml 

44 

44 

44 

atttli per 
ml 

72 

104 

220 

units per 
ml 

436 

944 

1652 

mg per 
ml 

8 8 

7 9 

8 8 

units per 
mg 

8 2 

13 2 

25 0 

units per 
fng 

49 6 
119 5 
188 0 


* Activity determined as previously described (1) 

t By trichloroacetic acid precipitation method In a previous experiment, pro- 
tein concentration was determined by trichloroacetic acid precipitation, biuret 
color, ultraviolet absorption, and phenol methods with good agreement After 
freezing and thawing two times, protein analysis by ultraviolet absorption was 
about 15 per cent higher than by the other methods 

portion of mucosa was suspended at 0° m 100 ml of sorbitol-Versene and 
gently stirred manually for 15 minutes The imtial extract was prepared 
by centrifugation in the ServaU model SS-1 at 2500 X g for 20 mmutes 
Fractions B and C were prepaied m the Servall model SS-1 and Fractions 
D and E m the Spmeo model L centrifuges In order to lower endogenous 
glucose, all fractions were dialyzed agamst sahne-Versene for 15 hours prior 
to assay From 18 9 to 29 4 per cent of the maltase and ohgo-1 , 6-glucosi- 
dase activities sediment under conditions required to sediment mitochon- 
dria (14,000 X g for 15 minutes) (10) From 81 3 to 91 3 per cent of the 
enzymatic activities remained in the supernatant fluid (Fraction C) ’ 
^itli stronger centrifugal force, in the case of maltase, activity was dis- 

The recovery of ohgo-1, 6-glucosidase activity greater than 100 per cent in Frac- 
tions B and C is consistent with an activation of the enzjune during the preparation, 
possibly by a release of the enzyme from its particulate form 
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tubuted bet^\een small particles and supernatant fluid In the c^so i 
oligo-l,6-glucosidase, no actmt}' ^^as present in the supernatant fluKi 
nheieas lemaming activity nas associated with small particles Kcoi 
pension of these particles in sorbitol- Vei sene and lecentrifugation a* 
79,000 X g foi 60 minutes gave a 31 9 per cent recovery of original oligo 
1,6-glucosidase actmty associated with the particles vith no actnit\ m 
the supernatant liquid With maltase, 33 per cent of oiiginal acluii\ 
was recoveied in the pai tides and 9 3 per cent in the supcinatant liquid 
which indicated that actmties weie not removed fiom pai tides bj nadi 
mg The loss of the moie labile ohgo-l,6-glucosidase actuitj with Indi 
speed centiifugation has been noted m all expeiiments lun and is as \ct 
unexplained Recombination of Fractions E and B resulted in onl} addi 


Table II 

Diffcrenhal Cenlnftigalton of Inteshnal Exlrads 


Frac- 

tion 



Actnitj 

Recoitj 

Method of preparation 

Volume 

Ohgo- 

1,6-k!u 

cosidasc 

Maltase 

Oligo- 

1,6-rIu 

co5iaa«e 

Mi a' 






fer eeni 

feren 

A 

Initial extract 

S3 

430 

4060 



B 

14,000 X ff 15 mm ppt 

18 

584 

3560 

29 4 

B 

C 

14,000 X “ 15 “ supernatant fluid 

83 

394 

3300 

91 3 


D 

79,000 X “ 60 » ppt 

16 

5S0 

5000 

47 3 

ISj 

E 

79,000 X “ 60 “ supernatant fluid 

46 

0 

1070 

0 

9 


* An aliquot (46 ml ) of Fraction C was taken for centrifugation The per cen! 
of recovery was calculated on the basis of the original volume of Fraction C 


tive actnnty It is of inteiest that a bacteriophage of Azotohackr iias been 
leported to be inactivated by the forces of high speed centrifugation (11) 
From this experiment it is evident that the major fraction of both enn 
matic activities is associated ivith the small particles wdiicli sediment n' 
microsomes As mentioned pieviously (1), intestmal extracts which arc 
kept at 6° foi extended periods occasionally show 2- to 3-fold increases in 
the specific activity of ohgo-l,6-glucosidase wnth no decrease in protein 
concentration This is piesumably due to a release of enzjnncs from t f 
small particles 

Preparahon of Maltase Free from Ohgo-1 ,6-ghtcosidase 

Upon fiaetionation of acetone poivder extracts of liog intestinal niucoj^ 
preparations of maltase essentialty free from ohgo-1, 6-glueosidascnc 
have been made A 150 gm portion of mucosa (Table III) was lomOr 
ized at -12° m a Wanng blend or with 225 ml of acetone (pre e « 
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-12°) The homogenate was pouied into a beaker contaimng 1 hter of 
acetone, stined, and lapidly filtered by suction at 3° The powder was 
further dried by lolhng between large sheets of blotter paper It was then 
placed m a vacuum desiccatoi at room temperature over a mixture of 
P 2 O 6 and paraffin oil until the odoi of acetone was no longer detectable 
(several hours) The light tan powdei was stored under a vacuum at 3° 
All subsequent steps weie earned out in the cold room at 3 ° A 5 gm 
portion of acetone powder was extracted with 50 ml of salme-Versene 
The clear reddish extract obtained after centrifugation vas fractionated 
mth solid ammonium sulfate, and the fiaction precipitatmg between 0 35 
and 0 80 saturation was collected During the fractionation the pH was 
adjusted to 7 by the addition of solid KHCO3 The ammomum sulfate 

Table III 


Separation of Maltase from Ohgo-l ,6-glucosidase 


j 


Activity* 


Specific activity 

Ratio, 

maltase. 

glucosidase 

Fraction j 

Volume 

i 

Maltase ' 

vntts \ 

Oligo- 
1 6-glu 
cosidase 


Maltase 

Oligo- 
1, 6-glu 
cosidase 


ml 

per ml 

umls 
per ml 

mi 

per ml 

units 
per mi 

units 
per mi 


Initial 

0 35-0 80 saturated ammonium 


840 

122 

11 7 

71 8 

10 4 

6 9 

sulfate 

28 6 

540 

30 

6 8 

79 5 

4 4 

18 0 

Alumina gel supernatant fluid 


416 j 

34 

6 2 

67 1 

5 5 

12 2 

32-46% ethanol 


' 440 


0 99 

445 0 



46-59% “ 




30 0 

! 345 0 




* The activity was determined as previously described (1) 


fiaction vas dissolved in a small volume of salme-Versene and diluted to 
1 per cent protein concentration Alumina Cy was added slowly with 
stirruig to a gel-protein ratio of 0 15 The supernatant liquid obtained 
after centrifugation was fractionated with 95 per cent ethanol at — 2° to 
~5 Fractions precipitating between 32 and 46 per cent and 46 to 59 
per cent were collected, dissolved in small volumes of sahne-Versene, and 
dialyzed for 2 to 3 hours against the same solution to remove ethanol 
Although only a 6 -fold purification of maltase was achieved (Table III) 
fractions were essentially free of ohgo-l, 6 -glucosidase actmty^ As yet 
>10 pieparation of the more labile ohgo-l , 6 -glucosidase free of maltase has 
•^een piepared Seiji (12) was unable to separate these activities by frac- 
fionation of acetone powders 

One of the three preparations made in this wa 3 ’’ had traces of oligo-1 ,6-glucosid3se 
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was not eliminated by running the determinations at constant IcmDor-if, r 
(Fig 3) ‘ 

Following Dixon (15), plots of -log (pK„) against pH for both n 
zymes have been made (Figs 2 and 3) At acid pH, pIC„ is csscntnih 
mdependent of pH, while, at alkaline pH, pK„ decreases with incrcajor 
pH In the case of maltase at alkahne pH, the plot has a slope calculate, i 
as —0 91, wdnle with ohgo-l,6-glucosidase the slope has been calcuhtai 
as — 1 4.^ In both cases the change m slope is approximatelj between pH 



60 68 76 84 


pH 

Fig 2 pH dependence of pK„ for maltase A, control runs with gluco c a 'i 
hexokmase, glucose-6-pliospliate dehydrogenase system Reaction mixtures tf 
previously described (1) •, maltose reaction mixtures contained gbcilghcir* 

buffer, 0 25 M, 0 2 ml , Mg++, 0 3 m, 0 03 ml , glucose-6-phosphate dchj drogena"’, a 
mg of lyophihzed powder per ml , 0 1 ml , hexokinase, 2 8 per cent (20 per cc *. 
pure), 0 01 ml , TPN, 0 005 m, 0 03 ml , ATP, 0 01 M, 0 03 ml , maltase, 25 units (ohg'' 
1,6-glucosidase-free), volume, 0 9 ml Reactions run at room temperature 


6 9 and 7 2 A pK„-pH plot for amylo-1 ,6-glucosidase has been reportc-i 
(3) With this latter enzyme a curve of similar slope w as obtained, with « 
change of slope at about pH 7 5 to 7 6 
Control expenments wnth the hexokinase, glucose-G-phosphatc dclnt rin 
genase system, and glucose as substrate are showm inFig 2 Oxer the p 
range studied (6 4 to 8 05), the apparent pK™ was mdependent o P 


® Lines w’cre fitted to points by the method of least squares In the case 
tase, nine points, including and more alkaline to pH 6 98, were used, * ^ 

oligo-l,6-glucosidase, twelve points, including and more alkaline to p 
used Both lines were proved to be statisticallj significant b} the 
Koller (16) 
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Since the substiate is unchaiged and glycylglycine has two pKo values of 
3 2 and 8 07 (17), the changes in slope observed indicate that lonizable 
enzymatic gioups with pK,, values of approximately 7 are imphcated m 
combination of enzyme and substrate This is m agieement with the 
analysis of Dixon (15), winch indicates that a change in slope m the pK„,-pH 
plot m the negative dnection denotes lomzation in either free enzyme or 
free substrate 



Fig 3 pH dependence of pK™ for oligo-l,6-glucosidase Reaction mixtures 
ivere as shown in Fig 2 Reactions run at 30° in a Beckman model DU spectropho- 
tometer equipped with a cell carriage through which water at constant temperature 
ivas circulated 


Methylene Blue Photooxidaiion 

Weil and Bucheit have shown that photooxidation of proteins in the 
presence of methylene blue leads to a destruction of photosensitive ammo 
acids, histidine bemg the most sensitive (18) Photooxidations of intestinal 
extracts were carried out m the Warburg apparatus at 20° undei conditions 
Biimlat to those described by Weil and Buchert In each expenment, 
control vessels contaming watei instead of methylene blue in the side aims 
were run The first three experiments (Table V) vere performed m an 
apparatus illuminated from below by a bank of fluorescent lights ® The 
last five were performed in a circular Waiburg apparatus lighted from above 
by a ling of SIX incandescent bulbs, each 150 vatts, and cooled from the 
side by an electric fan Determinations of activity veie perfoimed at the 
and of each lun by spectiophotometnc assay In each case methylene 

' We are indebted to Dr R Emerson of the Botany Department for the u^e of 
this apparatus 
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blue ^\as added to aliquots of control reaction mixtures m amounts oqum 
to that present in expeiiniental reaction nuxtures piior to cleternunitiA 
of actnut}' Addition of methjdene blue to controls had little or no cfTt ^ 
on enz 3 ’’matic actmty 

For anuno acid deternunations, protein samples i\ere placed in sc''l<s! 
tubes in 3 x HCl and hj’-drolj'-zed m the autoclave for 5 hours at 15 pouri 
pressure Before HCl was added, protein samples were Ij ophilucti to 
drjmess After h 3 ’’drol 3 ’-sis the tubes were opened and the contents ncu 
trahzed and made up to volume, then anal 3 ’^zed for lustidme, t\Tonnx 
leucine, and b^sine b 3 ’' microbiological assay mth Leucoaosloc vmenkro d 

Table V 


Phoiooxtdalton of Intestinal Extracts with Methylene Blue 


pH 

Gas phase 

Extract 

added 

Tune 

Net 

OTjgen 

uptake 

Actnit> rcmamuiE 

Anuno acid renuu j 

Ohgo-1,6- 

glucosidase 

Maltasc 

Histidme 

Ti rosme 

Tr- 

t 



mg pratein 

mm 


per cent 

per cent 

per cent 

per cent 

ft, 

7 4 

Os 

16 2 

40 

43 

85 2 





8 4 


10 9 

95 

87 

39 7 





8 6 

« 

15 6 

135 

154 

32 0 


19 6 

74 1‘ 


8 6 

« ! 

13 8 

120 

82 

35 6 





8 6 

i< 

14 2 

60 

56 

66 7 

71 6 

39 S 

84 5 

$10 

8 6 

u 

14 2 

130 

96 

49 0 

61 6 

25 8 

70 1 

72 0 

8 6 

i{ 

14 2 

180 

104 

42 2 

57 6 



C30 

8 6 1 

Ns 

13 8 

120 

6 

89 0 

100 0 





* The ammo acid analj'sis was performed after removal of mcthjlcnc blue with 
Nont Differences in leucine and Ij'sine concentrations were used to correct for p.o 
tein loss due to adsorption 


according to the method of Henderson and collaborators (19) 'Inpto- 
phan was estimated b 3 ’’ the method of Shaw and McFarlane on the uu 
h 3 "drol 3 ’'zed protein (20) 

Both enz 3 ’inatic activities decreased progressively during photooudatio’! 
(Table ^0 Maltese actmty decreased less than oligo-l,6-glucosidn5c 
a per cent basis That decreased enz 3 TOatic actmt 3 ’' was dependent on 
photooxidation is shown by two t 3 q)es of controls (1) m the absence 
oxygen and in the presence of methylene blue, there was no loss of im 
and only an 11 per cent loss of ohgo-l,6-glucosidase actnit 3 ', 
next to the last experiment (Table the presence of 0- and a ) '■ 

of methylene blue, aftei 180 minutes there were a 9 per cent lo'^s 
activity and a 12 per cent loss of ohgo-1 , 6-glucosidase acln it3' h’ 
ment wnth the findings of Weil and coworkers, histidine was f ic 
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photosensitive ammo acid m the mtestmal extracts Tyrosine and trypto- 
phan decreased to a much smaller extent than did histidme under these 
conditions It is to be noted that m these expenments per cent decrease 
in histidme was gi eater than per cent decrease m enzymatic activity 
Sunilar observations have been made mth crystalhne lysozyme (21) 
With other enzymes studied, such as nbonuclease or chymotrypsm (22, 
23), per cent decrease m histidme was smaller than per cent decrease m 
enzymatic activity In the case of lysozyme, since some enzymatic activ- 
ity remains after complete destruction of histidme, the unoxidized ammo 
acid does not serve an mdispensable role m catalysis The present expen- 
ments performed vnth crude extracts mdicate that enzymatic activity de- 


Table VI 

InJabihon of Intestinal Carbohydrases by Heavy Metals* 


Metal 

01igo-l,6-glucosidase,t 

Maltasef 


fer cent tnhtbtlton 

per cent tnhthhon 

Cu++ 

34 

32 

Agl 

0 

44 

Hgi 

0 

0 

Hgn- 

7 (24)t 

(12)t 

Fe-m- 

0 

0 

Zn-H- 

44 

27 


0 

0 


*The premcubation reaction mixture contained Veronal buffer, 0 06 m, pH 7 95, 
0 2 ml , metal salt, 0 004 m, 0 1 ml , enzyme, 0 1 ml , final volume, 0 4 ml 

t The reaction mixture contained substrate, 1 mg , premcubation mixture, 0 3 
ml , final volume, 2 2 ml It was incubated 30 minutes at 30° 
f Preincubated 60 minutes instead of 40 minutes 

creased upon photooxidation under conditions m which histidme is the 
most rapidly destroyed of the three photosensitive ammo acids tested 
If prolonged photooxidation of mtestmal extracts v ould lead to complete 
loss of histidme with some retention of enzymatic activity, similar con- 
siderations would aoDlv to the mtestmal carbohydrases as apply to lyso- 
zyme 


Heavy Metal Inhibition 

The effect of premcubation vnth heavy metals on enzymatic activity 
was investigated after it was found that recovenes m fractionation uere 
improved in the presence of Versene Tj^ical expenments are presented 
m Table VI Extracts were preincubated vnth metal salts (0 001 Ji) m 
buffered reaction mixtures for 40 minutes at room temperature Enzy - 
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matic activitj' was determined with either maltose oi isoninltoso ov 
strate by increase in reducing powci In the concentrations tested, ho'j. 
enzymes weie moderately inhibited by Cu++, Zn++, and slightlj In Hg* 
IMaltase was inliibited by Ag+ Inhibition of fungal lactase h\ inemin. 
acetate has been obsened by Wallenfels and Bcrnt (14) The en 7 \nu 
was not inhibited bj- p-chloromercuiibenzoate, saljigan, lodoacctatc r,- 
arsemte (14) Smith and coworkeis have leported that lyso 7 \nic lro’’i 
papaya latex is inhibited by heavy metals and not inhibited b\ STI re- 
gents (24) 


Table VII 

Inhibition of Intestinal Ohgo-1 ,6-glucosidasc by Amines* 


pH 

Amine 

Concentration 

Inhiiitna 


1 

if per 1 

per cert 

7 20 

t Tns 

0 0035 

100 0 

7 39 

H 

0 0007 

SS G 

7 40 

(( 

0 0003 

71 S 

6 40 

it 

0 0003 

5 0 

7 42 

Histidmef 

0 07 

,35 5 

7 41 

<( 

0 03 

52 2 

7 41 1 

(( 

0 014 

1 17 C 

7 42 1 

it 

t 0 007 

! 13 3 

6 70 1 

(( 

0 03 

1 

50 


* The activity was determined as previously described (1), 0 05 ml of enziitiPi 
units, used The reaction was started bj substrate addition 

t L-Histidine monohydrochloride activity w as determined as prcviouslj dcscrib^i 
(1), 0 05 ml of enzyme (ammonium sulfate 0 3 to 0 5 saturated fnction), 
units The reaction was started by substrate addition 


Anniie InhihiUon 

Amines, such as histidine, triethanolamine, Tris, have been found to 
inhibit both enzymes Inhibitions by histidine and Tns of oligo 1 .C 
glucosidase, the more sensitive of the tw'o enzymatic activities, arc pro 
sented in Table VII Control expeiiments wath hexokinase, glucose ' 
phosphate dehydi ogenase, and glucose under similar conditions indicat ^ 
that these enzymes weie not inhibited' Two features of the inlubitw* 
merit attention First, the inhibition is pH-dependent Amines in u 
much more strongly at alkaline than at acid pH Secondly, inhibition a 
alkahne pH is reversed in the presence of excess substrate 
The inhibition at alkahne pH suggested that the un-ioni/cd ( rcc 

~ Inhibition of obgo-l,6-glucosidase activitj bj- Tns took place m die P 
of Versene or I^'ersenol (0 001 si) 
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form of the amine was the inhibitory species In further experiments, 
inhibition at constant pH by a series of four amines of increasing pKo has 

Table VIII 


Inhibition of Intestinal Carbohydrases by Amines* 


Amine 

Inhibition 

Oligo-1,5- 

glucosidaset 

1 

Maltase}: 


per cent 

per cent 

Tns 

88 0 

63 2 

2 Aimno-2-methyl-l,3-propanediol 

62 7 

35 5 

2 Ammo-2-methyl-l -propanol 

13 2 

6 5 

ter( Butylamine 

0 

0 


* The reaction was started by substrate addition 

t Amine concentration 0 0007 m, 0 02 ml of enzyme, 30 units, used, pH 7 4 
t Amine concentration 0 001 m, 0 004 ml of enzyme, 30 units, used, pH 7 4 



4 Inhibition of maltase by Tris Reaction mixture as in Fig 2 66 units 

f maltase (oligo-l,6-glucosidase-free) used Reaction started by substrate addi- 
on 


" • Studied (Table VIII) The four amines are of the Tns series m -n hich 
'ylol groups are replaced by methyl groups The pICo of fcrf-butyl- 









722 


IXTESTIVVL CVRBOinDR^SrS 


amme in aqueous solution (0 01 k, 16“) has been dctcimincd as 10 S (J. 
Titration in aqueous solution gave the following \alucs of pK foi thr thn 
other amines, uncoiicctod foi ion actuitics (±01 pH unit) Tri' SI 
2-ammo-2-mcthyl-l ,3-propancdiol, 8 9, 2-ammo-2-meth} 1-1 -prop mol' S ' 
Inhibition of both enzjTuatic activities decreased vith the iiicrenMn" p}\ 
of the amines Whether the number of ammo hydio\\ls is aho a (oi 
tnbuting factor to the inhibition has not been separately eialtiated \ 



Fig 5 Inhibition of oligo-l,6-glucosidnse bj’ Tns Reaction niivturc 
2 25 units of oligo l,G-gluco':id'isc used Reaction started b\ ■jub^tratc 

similar tjpc of inhibition pattern b}’- this senes of aniinch Ins been n 
ported by Slem v ith xylose isomeiase (27) 

The letersibility of anune inhibition has been fuithci studied witli b' 
ohgo-l,6-glucosidase and maltase As shoini in Figs 4 and 5, the in 
inhibited systems followed the kinetics of leversible inbiintion ' 
values, calculated cither on the basis of total amine concentration or on i 

® Titrations were performed at 25°, amine concentrations ucrc as folk'' ^ 
6 66 mg per ml , 2-amino-2-metbjl-l,3-propancdiol, 1 01 mg per , > 

methj 1-1 -propanol, 0 81 mg per ml Wc arc indebted to P Landis ‘ , 

Companj for these values Prev lous pKo i alucs recorded for Trn an< - 
methjl-l,3-propancdiol at 23° (0 05 m) arc 8 24 and S 78, rcspcctuol' (- > 
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concentiJition of the fiee base, aie smallei than K„, values foi both enzymes 
Ki values calculated as total amine foi maltase and ohgo-1 , 6-glucosidase 
aie 2 2 X 10~' and 1 4 X 10"'' lespectively When calculated on the 
basis of the concenliation of fiee base piesent, assuming a pICj of 8 1 for 
Tiis, K/ values aiG 4 X 10“^ and 2 1 X 10"^ m, lespectiA'^ely, foi the tvo 
enzymes K,„ values m these expeiiments aie 1 X 10“* m foi maltase 
and 9 X 10“-* m foi ohgo-1 ,b-glucosidase In contiast to these lesults, 
Sleiii has shown that the inhibition of \3d0se isomeiase by Tiis does not 
follow the kinetics of a leveisible inhibition (27) 

In coiitiast to clij’-motij^psin, neithei maltase noi ohgo-1, 6-glucosidase is 
appieciablj'’ inhibited bj'’ DFP 01 TAIP Extiacts weie piemcubated mth 
eithei agent (10~^ m) foi 30 minutes at 100m tempeiatuie m glycjdglycine 
buffer (0 12 ir, pH 7 5) and then assayed spectiophotometiically Inhi- 
bitions of the 01 del of 3 to 15 pei cent veie obseived 

DISCUSSION 

It IS of piteiest to compaie am3do-l , 6-glucosidase and the intestinal 
carboli3’^diases vith legard to inhibition by leaction pioducts and by sulf- 
liydi}'! leagents Am3do-l ,C-glucosidase is inhibited competitivel3’- by the 
polymeiic leaction pioduct, the debianched limit dextim, but not by glu- 
cose (3) The intestinal enzymes aie inhibited by lov concentiations of 
glucose With none of these thiee enzymes is theie appieciable lemcoi- 
poiation of C“-labeled glucose into substiate dining hydiolysis In the 
case of the intestinal enzymes, this holds undei conditions b3’- vhich the 
enzymes aie inhibited b3" glucose Pioduct inhibition b3’- h3^diolytic 
'’iiz3unes has been fiequently noted (28) Amylo-1 ,6-ghicosidase is mhib- 
"cd by p-chloiomeicuiibenzoate and o-iodosobenzoate, vheieas the 
testinal caibohydrases have thus fai pioved lesistant to these reagents 
Piom the chaiactei of the pK„-pH plots and the annne inlubitions, it 
viuld appeal that lomc mechaiusms aie immlved in substiate-binding 01 
jvei-all catal3'^sis The pKm-pH plots indicate that at alkaline pH the 
aizymes acqune a net negative charge as Km inci eases It vould appeal 
Iiata piotonated (chaiged) foim of the enz^nme (pKa 6 9 to 7 2) lathei than 
lie fiee base is the active species That such a group may be the imidazole 
>iig of histidine is suggested b3'' its pKo, by the deci eased enzymatic activ- 
y upon photooxidation m the piesence of meth3dene blue, and by’’ the 
' ibition by heavy’’ metals m the absence of demonstiable inhibition by’’ SH 
^agents That othei possibilities should be kept m mind is evident Foi 
sample, the lesults of Ryle and collaboiatois have indicated that the 
unino gioups of ci^stine in cvstyl peptides have unusually’’ lov pKo a alues 
29) 

^ possible niechanism aa’IiicIi selves as a uoiking Inpothesis inAohing 
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the inudazole nng of lustidine and a sccondar}’- enzymatic group m a cc 
certed attack is piesented (Fig 6) Fischer-Hirschfelder models tc\c ^ 
that the intermediate eight-membered nng is sterically possible Dun- ; 
the step^^ ise mechamsm, the reducing lesidue is leleased first, an cnmirt' 
acetal of the onginal non-reducing lesidue is formed (prcsuniabh wif, 
inversion), vith the imidazole ring acting both as a liydrogcn donors' i 
acceptor Subsequent hydrolj'sis ^Mth the paiticipation of acidie a<t| 
basic enz 3 ’matic groups vould lelease the remaining glucose rcMdueni 1 
complete the hydrolysis Amines would be considered as inhibiton l.\ 
■\ irtue of being bound at the active site It is of interest that arjl nmirf 



y: e: 

Fig 6 Proposed mechanism of disacchande hydrolysis III, ncutril (ran'iliM 
state intermediate 

have been found to act catalj'^tically in transglj’'cosidation reactions (/>) 
StepwTse mechanisms involving the intermediate formation of enzimf 
substrate compounds have been proposed for other hj’drolytic cnzim'' 
( 31 ) 


SUMMARY 

The properties of the intestinal carbohydrases, mallase (a gIuc(W(H 
and ohgo-l,6-glucosidase, have been studied Tlie major 
both enzjrmatic activities are associated with cellular particu ates 
sediment as nucrosomes By fractionation of acetone powder^, 
preparations free of demonstrable oligo-l,6-glucosidase actnit) 
prepared Enzjmiatic activity is not deci eased upon prolong 
against Versene 
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Enzymes aie not inlubited by p-chloiomeicuiibenzoate, o-iodosoben- 
zoate, lodoacetate, oi H 2 O 2 , but aie inhibited by heavy metals such as 
Cu++, Hg++, and Zn++ Anunes such as tris(hydroxymethyl)amino- 
inethane inhibit at alkaline pH Inlubition by Tns is competitive vith 
substrate 

pKm-pH plots indicate that lonizable enzymatic gioups of pKo 6 9 to 
7 1 aie involved m combination with substrate or in over-all enzymatic 
activity Enzymatic activities deci eased on photooxidation vuth methyl- 
ene blue, undei conditions in which histidine v as the most photosensitive 
ammo acid A tentative mechanism for hydi olysis involving the imidazole 
nng of histidine has been proposed 
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THE SIZE AND SHAPE OF THE RADlOSENSITI'\rE 
ACETYLCHOLINESTERASE UNIT* 
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Electric eel organ acetylcholinesterase has been shotvn by means of 
ultracentrifuge sedimentation studies to be a very large piotein, with a 
molecular weight of 3,000,000 (2) However, working hypotheses con- 
cerning the active center of the enzyme picture this site as being small, % e 
comparable in size to the substrate, acetylcholine This appears to be 
valid, since assumptions concerning the size and other features of the 
catalytic surface have been used successfully in predictmg the reactivity 
of various substrates (2, 3), inhibitors (4), and even nerve gas antidotes (5) 
From the results of inhibition of eel organ acetylchohnesterase by radio- 
active diisopropylfluorophosphate, it has been suggested that an enz 3 Tne 
unit much smaller than the molecule itself does exist ( 6 ) In order to 
demonstrate and to describe in a more precise manner submolecular umts 
of this enzyme, we applied the techmques of Lea (7) and of Pollard et al ( 8 ), 
utihzing inactivation by lomzing radiation to study the relationship between 
molecular orgamzation and enzymatic activity 
Preparations of eel organ acetylchohnesterase were subjected to irradi- 
ation by cobalt-60 T-rays, electrons, protons, and a particles From 
analyses of the data of the resulting inactivation we have postulated the 
existence of a small, radiosensitive acetylchohnesterase unit and have 
derived indications as to its size and shape 

Materials and Methods 

Irradiation of Dilute Enzyme Preparations — Dilute preparations of a 
lyophihzed, partially purified extract^ of electric eel organ tissue were 
prepared m potassium phosphate buffer, pH 7 2 , ju 0 1 (1 29 gm of ICH 2 PO 4 , 
5 25 gm of K: 2 HP 04 per liter, Baker and Adamson) Samples v ere placed 
in cork-stoppered Lucite tubes, which were then sealed with tape and ir- 
radiated m a hollow, cylindrical, cobalt-60 7 source at 200,000 roentgens 
per hour 

k preliminary report of this v ork has been presented (1) This research is as 
supported by the United States Atomic Energy Commission 
' Kindly supplied by Dr I B Wilson and Dr M Altamirano, respectivelj , De- 
partment of Neurology, College of Physicians and Surgeons, Columbia Universitj 
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Irradiation of Dried Enzyme Preparations — ^I'jssuc fluid from jiroe .u i 
homogonizcd segments of frozen electric eel organ tissue' i\as (rcntt.l ; 
liOjOOO X g foi 30 minutes in the Spmeo preparatorj ccntnfiipc on, 
ml aliquots of the cleai supernatant fraction mcic diicd In a 'lacuiin' 
loom tempeiature on circular glass cover slips Samples, mcluciini; ro . 
trols, n eie held n ith “Liibriseal” stopcock grease on an alumimim homlun’ 
ment disk, nhich was then placed in one of tno ii radiation cluiml' - 
according to the charged paiticle source 

After the appiopiiate chamber nas connected to the \acuum oi tl 
Brookha^ en 60 inch cyclotron, the diied enzyme nas subjected to a 1110 "^ 
energetic, collimated beam of eithei 40 mev a particles or 10 inc\ 
protons Bj' rotation of the bombardment disk through an 0 nng 
the vanous samples neie exposed to the beam a particles of lower cri, 
gies were obtained on occasion b 3 '-coveimg the enzjmie samples with rk 
minum foils of measuied thickness - Othei samples were irradiated r * 
2 mev electrons (only loughlj"- collimated in the chamber used)!," 
the Van de Graaff generatoi m the Biookliaven National Labors' ~ 
Chemistij Depaitment, the particles enteimg the evacuated clnr' 
through a thin aluminum v indov 

The experimental arrangement for the vaiious bombaidments jirondd 
for collection of all the particles incident on an aiea larger than the simp' 
being irradiated The beam, which unifoimlj’’ covered the irradiated nrci 
was measured as an electiic charge by a current mtegiator 

Aftei bombardment, 111 all cases at loom temperature, the coicrdip 
weie placed m potassium phosphate buffer, the appiopriate dilution') wef'' 
made, and the remaining enzj'-matic actmties were determined bj a mirw 
diffusion procedure for acetic acid (9) The per cent activities rcnniniiu 
were then plotted as ordinates on semilogarithm paper m relation to lli' 
doses delivered 


RESULTS AND DISCUSSION 

Irradiation in Wet State — ^An indication that eel acetylcholinc'-tor'’ ' 
actmty maj’’ not be dependent on the mtegrit}’' of the entire molecule 
deterrmned from a studj’’ of the heat sensitivitj’^ of the enz} me irrai i iti 
m a dilute state An aliquot of a pieparation of 274 y of lyophilucd ti' 
extract per ml of phosphate buffei was irradiated with cobalt-CO 7 Jj'' 
until only 2 pei cent activity remained The residual cnzjunc as 
solutions of the non-irradiated control (both diluted 1 10 wat i 
were heated at 47 8° foi the times indicated m Fig 1 3 he heat ‘■on iti 

- End ranges of a particles were determined b\ using bactcnophnpe Tl 
tion as an indicator 
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of the iiiadiated enzyme was gieatei than that of the contiol, implying 
that the molecules suivivmg the ii radiation had been partially damaged 
A possible inteipietation Avas that the molecule as a Avhole AA^as not essential 
to the enziunatic activity 

Irradiation in Dry State — In order to use lomzmg radiations to study 
the molecular orgamzation of eel oigan acetylcholmesterase, it Aims neces- 
sary to irradiate dried enz3rme preparations 
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MINUTES OF HEATING AT ATS^C 


Fig 1 Heat inactivation at 47 8° of a dilute preparation of eel acetylcholinester- 
ase irradiated in the Avet state to 2 per cent of the original activity (O) relative to 
the non-irradiated control (•) 


Lea (7) and later Pollard et al (8) mterpreted the loss of activity of 
dried biological materials subjected to lomzmg radiations in terms of 
radiosensitive volumes associated with the active principles The method 
IS independent of the purity of the irradiated preparations With a number 
of exceptions, reasonable agreement has been found betAA^een sizes of radio- 
sensitive umts and the molecular AA^eights determined by physicochemical 
methods for many active materials which range in size from Auruses to 
mitibiotics 
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Basic Frmcipks Imolvcd in Calculalinq Tarqct *S?ccs— , 
ducfl biological niatcnalb hj loni/mg ladiation is alliibutcd to iiltfrc , 
in ‘={riictuic which icsult fioin ionizations of atoms of the tnrgit m ;•(- 
A lacliosensitne unit may be defined as the aggicgatc of atoms v,i!!, 
winch one iMiinai^ ionization c\ent. results in loss of biologienl !i(li\it\ 
Since inactnation has been found in these cxpeiimeiits to he expo 
tially lelated to the inadiation dose, the pioportion of material Mill ‘nit, 
after a gixen dose, 7, is given by 


n/no = c~' ^ 


When 7 is cxpiessed as the number of prnnaiy ionizations occuriiiii; j>r 
ml (oi gm ) of sample, V is the volume (or mass) of the laclioscn iti- 
unit (8) In 01 del to deternune F, it is convenient to know the (lo‘’'i 
which onl^' 37 per cent of the biological activity remnms V is then cq ' 
to the leciprocal of 7, since = 0 37 
Cohall-60 7 Radiation — ^In the couise of utilizing cobalt-OO 7 radial' ! 
lesolve nnvtuies of acetylcholinesterase into sedimentable and non- 
mentable states,^ diied films of partially purified tissue extiacts nmlh- 
phihzed segments of whole tissue weie found to give exponential rate c 
inactivation aftei irradiation From the rates, xvhich were Klcnlin!, 
it was calculated that 4 8 X 10® roentgens lowered the cnzxni'ilit 
tmty to 37 per cent of that observed prioi to iriadiation 
iUthough cobalt-60 y-rnys jneld piimary lomzation exeats c'^iCiiinlh 
landoml^’- distiibuted tlirough the 11 radiated material, sonic chistcrm: 
does occur Lea has calculated collections foi such overlapping m tear 
of his “associated volume method ” On Lea’s graphical pieseiitafioii 0i 
this method (7) a 37 pei cent sui vival dose of 4 8 X 10® r conespond'' Ui ' 
target moleculai weight of 170,000 
Moie e\phcitl3’', with the assumption that piimary ionization eient'-iin 
landomlj’- distnbuted, the number of events occurring pei gin of ‘•»np 
maj’’ be deteinuned bj’’ dividing the ladiation dose, convcitcd to clrclro'i 
volts per gm , bj'' 110 e v , the ax'ciage eneigy lost per pnmai^ loinz'tm^ 
(pi) The recipiocal, multiplied bj"- Avogadio’s number, is the txri:'' 
molecular w eight 


(603 X 10 0 X 


(1 6 X 10~^-) ergs per c v X 110 c v per p 1 
93 ergs per gm per r X (4 8 X 10') r 


237,000 pm pfr 


Thus the weight of the ladiosensitive unit of cel acetj Icholincstcr i 

' Serlin, I , and Cotzias, G C , paper accepted for publication b\ It'-dnU'- 
search 



I BERLIN AND D J FLUKE 


731 


deteinuiied bj'’ eitliei method foi anatyzmg 7 -radiation data, uas loughly 
one-fifteenth that of the maci omolecule 
As Pollaid (10), hoiievei, has pointed out, in iiiadiation with Y-raj^s 
"a wide mixtuic of foims of ionization are [is] piesent ” In oidei, theie- 
foie, to make the size of the ladiosensitive unit less equivocal, it v as iieces- 
sar}’’ to turn to the use of chaiged pai tides 
Pnnaples of Calculating Target Sizes fiom Charged Particle Inactivation 
Data (8)— As chaiged pai tides move thiough target mattei, they transfei 
energy along then paths at a late detei mined piimarily by their charge 



Pig 2 Inactivation of dried films of eel acetylcholinesterase bj' 40m e v a parti- 
cles, 10 m e V protons, and 2 m e v electrons 

and velocity For example, a 40 m e v a particle has a Imeai eneigj' 
transfer (LET) of 240 e v per 100 A of protein equivalent material LET 
values weie calculated from the Bethe-Block equation (11) with a protein 
composition of CiHsNOz Since 110 ev aie tiansferred per piimary 
lomzation, this energy loss can be translated into the number of primar}^ 
lomzations occurrmg along the particle path 
In addition to the rate of energy loss, the aiea covered by the pai tide 
beam must also be deterimned This allows the dose to be expressed in 
teims of the number of particles delivered per umt of area Smee chaiged 
Paiticle inactivation of dried acetylcholinesterase is also exponential m 
lelation to dose (c/ Figs 2 and 3), the reciprocal of the 37 per cent dose m 
this treatment is an inactivation cross section or radiosensitii e area, 5 
This cross section is a function of LET Sparsely loiuzing particles (parti- 
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clcs ^\lth lou LET A allies) can pass through enzjmie molecules with 
piobabilit-\ of the occurrence of ionization, thus indicating a small ndM 
sensitn c area For densely ionizing particles, S maj be correlated with c 
in iMin il cross sectional area for inactivation, So Since pnniai^ lonuafn i 
c\ents are randomly distnbulcd along particle tracks, the relation ktwcin 



Fig 3 Inactivation of dried Blms of cel acetylcholinesterase bj charged particl ' 
nhich nere passed through aluminum foil Curve 0 m e v a particles, Cunc/', 
10 7 m e \ a particles, Curve C, 2 m c v electrons (passed through 40 mil foil) 


(S and LET may be described by the equation 

<S = 5o[l — 


The temt in brackets presents the chance that at least one pninarj lom 
zation occurs within a target of thickness t and aiea So If 
pressed in electron volts per cm , f is m cm per p i 

For irradiation at low LET values, the exponent in Equation 1 i-’ < > 
and an approximate formula maj’^ be substituted 


S = Sot X 


LET 


110 e V per p 1 


or Sot = S X 


110 c\ per pi 
LET 
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Since Sot IS the ladiosensitive volume, approximate target molecular v eights 
may be calculated at low LET values as follows 

Mol wt = (S(sq cm ) X i - ■ . — r X 110 e v per p i X (2) 

LET (c V pel cm ) 


1 35 gm pel ml X 6 03 X 10^^ 
The density figuie foi piotem, 1 35 gm pei ml , was also used m calculating 


Table I 


Eel Aceiylchohneslei ase 37 Pei Cent Suivtval Doses aftei In adzation 
with Charged Particles* 


Particle 

Energy oj 
particle 

Linear energy 
transfer 

37 per cent dose 
particles per sq cm 

Target mol n t 

Electron 

m cv 

2 

e V per 100 A 

2 53 

5 0 X 10'^ 

71,000 

it 

2 

2 53 

SOX 10'^ 

71,000 

•• t 

2 

2 53 

3 5 X 10” 

100,000 

Proton 

10 

61 

1 3 X 10” 

110,000 


10 

61 

1 5 X 10” 

95,000 


40 0 

240 

4 5 X 10” 

83,000 

a 

40 0 

240 

4 2 X 10” 

89,000 

a 

40 0 

240 

3 9 X 10” 

95,000 

cAt 

28 5 

320 

4 1 X 10” 


c^n 

16 2 

500 

2 7 X 10” 


at 

16 2 

500 

2 2 X 10” 


at 

10 7 

690 

2 0 X 10” 


att 

9 5 

760 

1 9 X 10” 


«tt 

7 4 

910 

1 7 X 10” 


«tt 

6 5 

1020 

1 7 X 10” 


at 

6 0 

1050 

1 5 X 10” 



* 37 per cent doses were rounded off to two significant figures 

t Aluminum foils were placed between the sample and the beam 

t The 37 per cent dose was calculated on the basis of single point irradiations 


LET values, and as a result the molecular weight values aie independent 
of this figure 

Charged Particle Inactivation of Eel Organ Acetylcholinesterase The 
inactivation of eel organ acetylcholinesterase by a paiticle, proton, and 
electron bombardment was found m all cases to be exponentiallj’’ related 
to the dose (c/ Fig 2) a beams vath higher LET values than 240 e v 
per 100 A were obtained by placing aluminum foils of varying thickness 
between the beam and the sample In these experiments the ^alues foi 
the energy, and hence LET, of the resulting beams vere calculated upon 
the determination of the thickness of aluminum foil vhich could fulh 
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'=top the particles = These highei LET a particles also yielded e\poi!c;,t- ' 
inactnatioiis (c/ Fig 3, Ciuxes .1 and 13) 

After the fact was established that the inactnation of ccl organ aortil 
cholinesterase was logarithmically related to dose o\er a wide rinp t 
LET, single point ii radiations at \arious LET values were also porfoni oi 
Thc^e allowed 37 per cent siir\ival doses to be deternuned from a^^uii.d 
exponential lelationships In Table I aie listed the 37 per cent mnn ' 
do'JCs from each of the exponential survival cur\es, together with 



Fig 4 Inactivation cross section of cel acetjlcholinestcnsc ns a function of tl' 
rate of cnergj loss by charged particles in protein matter The slope iit the onp'i 
represents electron data (obtained from Fig 3, Curve C) 


corresponding energies and LET values of the various charged pstticlf' 
Also given in Table I are approximate target molecular weights calcuhto! 
from Equation 2, with only those data obtained at lower LET \ nines 
Values for the radiosensitn e area /S are shown m relation to linear tnef?' 
transfer m Fig 4 The smooth curve is a plot of Equation 1 fitted to t 
data of Table I as follows 

5=78XI0-”sq cm [l - i xorreT rrri'J 

The radiosensitive volume, So(, thus appears to be an area of 

times an average thickness of approximately IG 5 A The ^ 
multiphed by the density figure, 1 35 gm per ml , and iij 
number, gixes a final target molecular weight of 107,000 
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The election inactivation data, shovni in Fig 4 as a slope at the origin, 
were from an expeiiment in Avhich a 40 mil thickness of aluminum was 
placed over the samples (c/ Fig 3, Curve C) The aluminum was intended 
to compensate foi escape of eneigetic secondary electrons from the thin 
laj'eis of enzyme, a possibility foi 2 m e v electron bombardment How- 
ever, we have not ruled out other explanations for the agreement among 
these and the other charged particle data 

The target cross section and thickness are incompatible with a spherical 
radiosensitive unit A shape for the target volume cannot be unambig- 
uously determined, for example, either a thin cylinder or a flat plate could 
be fitted to the data If the target unit is assumed to be a cyhnder lying 
transverse to the beam, a diameter of 21 A and a length of 360 A can be 
deduced 

By v ay of comparison mth the radiosensitive molecular weight of 105,000, 
the eqmvalent weight of the enzyme, as determined bj’- dnsopropylfluoro- 
phosphate-bmdmg studies and based on the most active preparation 
reported (2), has been calculated to be 63,000 (6) In view of the macro- 
molecular size of 3,000,000, the 2 submolecular umts are of such sufficiently 
sunilar magmtude as to indicate a possible identity If tiue, this would 
sen'^e to demonstrate (a) that the most active preparation knovTi (2) con- 
sisted of essentially puie enzyme, and (6) that electric eel organ acetyl- 
chohnesterase is a molecular aggregation of 30 to 50 enzymatically active 
umts 

A more extensive cyclotron investigation is tentatively planned to 
compare the radiosensitive volumes of acetylcholinesterase from different 
sources vuthm single species Preliminary studies vuth the use of cobalt-60 
T-radiation (1) have mdicated a variation in target size, according to the 
tissue source 

SUMMARY 

1 Thin, dned films of electric eel organ acetylchohnesterase have been 
exposed to electron, proton, and a particle bombardment 

2 Hates of inactivation were found to be related exponentially to the 
doses dehvered 

3 The radiosensitive unit of the enzyme has been indicated to have a 
molecular weight of 105,000 and to be non-spherical On the assumption 
of a cylindrical shape, the unit was found to be 360 A long and 21 A in 
diameter 

The authors are grateful to Dr G C Cotzias for constructive advice 
Thanks also are due to Jeannette M Rodenbuig foi technical assistance, 
to the Cyclotron staff at Biookhaven National Laboratory, and to Dr A 
0 Allen and his associates foi use of the electron ^^an de Graaff generator 
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EXPERIMENTAL INJURY AND SULFUR AMINO 
ACID METABOLISM* 

By HERBERT J FROMM and ROBERT C NORDLIE 

(From the Guy and Bertha Ireland Research Laboratory, Department of 
Biochemistry, University of North Dakota Medical School, 

Grand Forks, North Dakota) 

(Received for publication, June 8, 1956) 

It has been repotted that methionine and cystme are capable of ac- 
celerating the heahng rate of wounds m injuied rats to the same extent 
when present in the diet m eqmvalent amounts (1) This response was 
ehcited in both the presence and the absence of dietary protein (2) Lysine, 
tryptophan, and valine do not appear to alter the healing process to a 
significant degree (3) Because methiomne is converted to cystine, al- 
though the reverse reaction does not occur to an appreciable extent tn 
VIVO (4, 5), it was suggested that cystme might be the more him ting ammo 
acid for the heahng of experimental wounds (1) This supposition appears 
to have been substantiated from analyses of wounded and corresponding 
unwounded skin tissue When heahng is thought to be essentially com- 
plete, i e w'hen the nitrogen content of wounded and coiiespondmg normal 
tissue is sirmlar (6), the cystine level m the former is 2 5 times that of the 
normal tissue, and the methiomne content has also increased, but to a 
lesser degree (2) 

The excessive demand for the sulfur-contaimng ammo acids by regen- 
erating wound tissue, along mth the negative mtrogen balance char- 
acteristic of mjury, suggests rather strongly that the phenomena of wound- 
ing and regeneration markedly influence protein metabohsm A previous 
report dealt with the incorporation of S®®-labeled methiomne and cystme 
into various tissues after experimental injury (2) The effect of injury on 
sulfur ammo acid metabolism will be considered m the present paper 

EXPERIMENTAL 

In this study, 80 female albino rats of average iveight, 200 ± 20 gm , w ere 
used, and the animals were maintained on a protein-free lation for a peiiod 
of 4 days The composition of the diet is presented elsewhere (2) Each 
animal was offered 8 gm of food daily, wdiich was completely consumed, 
and distilled water was permitted ad libitum At the termination of the 
4 day acclimation period, S^^-labeled DL-methiomne (4 0 X 10^ c p in ) 

This investigation was supported in part by a grant from the North Dakota Can- 
cer Society 
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w as adnumstcred mUapentoneally to each lat 48 houis later the nnin. ' 
were anesthetized with sodium pentobarbital Half of the nniiinK 
wounded by inflicting a standard 3 cm circulai skin wound on tlie hie' ( 
the neck m the aiea of the shouldei blades (2), tlie loniainiiig atiijui’ 
^ei\ed as controls Eight lats from each gioup wcie again ane^hcir- \ 
at ^allous times aftei the adnumstiation of the tiacei amino arid nr'i 
<^amples of tissue fiom wound, muscle, and h\ci weie excised, weighed, ;e i 
hj drol> zed m a mixture of 20 pei cent HCl-50 pei cent lICOOll for 3i 
hours (7) Aliquots of the hydrolysate w eie then analyzed for mcthitviu . 
(8) and cjstme plus cysteine (lefeiied to ns cyshne) (9) Total S'- 1 , 
determined by adding caiiiei sulfate and piecipitating the sulfatc-S' ' 
baiium sulfate after oxidation with HN 03 -HC 104 (10) The 8’MiIk’ 1 
cysUnc was precipitated as the cuprous meicaptide (11) and ticitcd ^ 
outlined for total Metluomne-S''® was calculated bx difTeicnce '11 
actnnties, corrected for decay, weie determined at “infinite thiokr ’ 
with a window less gas flow' counter 


RESULTS AND DISCUSSION 


The piesent woik was undertaken to determine whetliei cxjicunicn' ’ 
mjurj' causes alterations in the metabolism and distribution of the ‘•ultiu 
contaimng ammo acids Data from a previous report suggc‘>tcd t!i>' 
wounding influences the mcorpoiation and distiibution of S^-laho'c! 
methionine and cyshne w'hen DL-methionine-S'*^ w'as aclministcied nfiu 
injury (2) In the present study the animals were furnished labdcl 
methionine-S” and subsequently wounded This piocodure pciinittcil a 
clearei insight into the effect of experimental injury on the metabolism o’ 
methionine and cystme 

In Table I are shown the specific activities of methionine and 
m regenerating w ound tissue The term “specific activity” is defined x 
(counts pel minute per gm of tissue) (bodj' w eight) (100)/(nig amino aei'i 
S per gm of tissue) (dose) It can be seen that the turnoxci latc for tlie 
sulfui ammo acids m tissue fiom xxounds is relatively high, the half hh 
being appioximately 5 da 5 ’’s in the case of methionine foi animab in'll'' 
tamed on a piotem-free diet These data aie commensurate witii piot 
ously lepoited results and probably reflect a high rate of protein ‘■Mithf 


Fig 1 lepiesents a giaph of the specific activity of mcthioninc-S’^ plO'i| 
against time for muscle and liver tissue from injured and unwoundiH U' ^ 
There appears to be a maiked increase m the total Incr methionine I’*" 
directly after wounding Coincident with tins alteration, the tot i 
hepatic metliioiune pool, as reflected m muscle, diminishes Thf ’ 
seem to indicate that wounding causes a mobilization of mctliiomm 
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e\tiahepatic soiuces foi use by the hver of the injuied animal Further- 
moie, 4 da 5 ’^s aftei wounding, the total hver methionine pool in the wounded 
lat deci eases lapidly, with a concomitant shortemng of the total hvei 
methionine half life This latter effect may mean that there is an increase 


Table I 

Specific Activity of Mcthiomnc-S^^ and Cyshne-S^^ in Wound 
Tissue after n'L-Methionine-S^^ Administration 


Da>s after wounding 

Methionine S“ 

Cystine S'* 

4 

10 05 db 1 18* 

7 51 ± 0 14 

7 

5 72 ± 0 35 

5 58 ± 0 56 

10 

4 50 db 0 42 

6 45 ± 0 58 

13 

3 89 ± 0 37 

3 66 ± 0 34 


* Standard deviation of the mean 



DAYS AFTER WOUNDING 

Fig 1 Specific activity of methionine in liver and muscle tissue from wounded 
(open circles) and unwounded control animals (solid circles) DL-Methionine-S’^ 
ii'as administered 48 hours before Day 0 

in the degradative late of methiomne metabolism m the liver after mjur}'’ 
The initial inci eased specific activity in livei tissue after experimental 
injury may be explained in the following manner It might be expected 
that a mobilization of methionine for the liver would pioduce little altera- 
tion in the specific activity eithei in the hver oi at the source How e^ ei , 
the data can be leconciled if it is assumed that the injected DL-methionine- 
IS incorporated lapidly into the “labile” protem (12) extrahepatic 
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tissue, IS incorporated at a slower rate into the structural protein tract’. ^ 
and IS mobilized from the former after w ounding 
The plot in Fig 2 depicts the specific activity of cys/nic from nu^clc vr i 
In er tissue after admimstration of S’Mabeled DL-mcthiomne from W •- 
w ounded and control animals The experimental injury apparcntlv ciu 
a diminution in tlie size of the total liver cysimc pool Tlus alteration n''i\ 
be attributed either to an increased late of cystine degradation or lo?*, or to 
a decreased synthesis fiom mctlnonine The apparent lowering of tl' 
total In er cystine pool after injury'-, in the presence of an increase in tl..^ 



DAYS AFTER WOUNDING 


Fig 2 Specific activity of cysltne m liver and muscle tissue from u ounded (orti 
circles) and unbounded control animals (closed circles) Dii-MetlnoninD S’* vy 
administered 48 hours before Day 0 


size of the total liver methiomne pool, may mean that there is a lo'c «’ 
liver cystine after wounding, lather than a decreased formation of cy4ir<' 
This conclusion appears to be supported by previous investigations, v'ii'd' 
suggest that injury increases the rate of methionine conversion to rj/'*"’' 
(13) Furthermore, it has been demonstrated that liver is one of the cIif 
sites of cystine formation from methionine (14) Thus, it might be p"^ 
sible to conclude that, after w ounding, there is a mobilization of nictluooT ^ 
for the hver of the injured rat This amino acid maj’’ then be eomer^f ^ 
to cijsline to meet the requirements of the regenerating wound tissue i 


cystine ^ 

The data m Fig 2 suggest that expenmental injury causes a < erret 
the size of the muscle or extrahepatic total cystine pool This in'll ^ ^ 
to a loss of cystine from extrahepatic tissue to supply the hca mg 
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wth cystine, to a deci eased availability of methiomne, oi a combination of 
both effects 

It has been lepoited pieviously that, although the total amount of sulfur 
excreted by the noimal and wounded rat lemains essentially the same, there 
IS an increase in the excietion of sulfate, with a concoimtant decrease m 
the excretion of non-sulfate sulfui by the injured animal (13) Because the 
oxidation of cystine to sulfate occuis primarily m hvei (15), it may be pos- 
sible to advance an explanation fiom the present data for the increased 
formation of sulfate aftei wounding It imght be supposed that an in- 
creased concentration of substrate, in this case methiomne and cystine, 
in hver tissue would result in an increased formation of sulfate 

SUMMARY 

Experimental injury causes a mobihzation of methionine from muscle 
for use by the hver of the xvounded rat Methiomne may then be converted 
to cystine in the hvei to meet the cystine lequirement of the regeneiating 
wound The data indicate that injury produces a deci eased specific 
activity xwth lespect to cystine in muscle tissue, hoxxevei, the sigmficance 
of this alteration remains obscure 
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OCCURRENCE AND NATURE OF A FECAL PHOSPHORUS- 
CONTAINING LIPIDE* 

By LEON SWELL, E C TROUT, Jb , HENRY FIELD, Jh , and 
C R TREADWELL 

{From the Veterans Administration Center, Martinsburg, TFesi Virginia, and the 
Department of Biochemistry , School of Medicine, George W ashington 
University, Washington, DC) 

(Received for publication. May 23, 1956) 

There as little information in the literature regarding the occurrence and 
nature of fecal lipide phosphorus Recently, Earn and Ivy (1) reported 
that rats fed a fat-free diet excieted only a trace of hpide phosphorus in 
their feces When corn oil was added to a fat-free diet, appreciable 
amounts of hpide phosphorus appeared in the feces, and the addition of 
oieic acid or fatty acids of corn oil increased the hpide phosphorus excre- 
tion further Palmitic acid had only a mild stimulatory action on hpide 
phosphorus excretion Pihl (2) confirmed these findings m ammals fed 
oleic acid, and also observed that, when 4 volumes of acetone weie added to 
an ether solution of the fecal lipides, a white precipitate, which later 
changed to brovm, was formed The precipitate could be ledissolved in 
ether All of the authors mentioned above referred to the material as 
phosphohpide, since it precipitated with acetone and contained phosphorus 

In the course of investigations on the absoiption of plant sterols in these 
laboratories (3), several methods were tried for complete extraction of 
fecal lipides It was observed that hot acetone-alcohol (1 1) extiacts of 
feces developed a white precipitate on cooling which later became bronm 
Extraction ivith 2 1 chloroform-methanol and washing with water accord- 
ing to Polch et al (4) gave complete extraction of the hpides and a solution 
which did not deposit solid material on cooling After deteimination of 
the fecal sterols, the remainder was analyzed for hpide P, ivith the results 
shown in Table I The fat-free diet resulted in only a trace of hpide phos- 
phorus in the feces (0 07 mg per day) With the addition of 5 per cent 
oleic acid to the diet, the hpide P increased to 1 32 mg per day, -while, at 
the 25 per cent level, 10 94 mg of hpide P per day w ere excreted The 
addition of bile salts to the diet of oleic acid diminished hpide P excretion 
to 4 60 mg per day 

The chloroform extracts were treated ivith 4 volumes of acetone and a 
few drops of saturated MgCL m methanol The precipitate in the moist 

This investigation was supported in part a research grant. No H-1S97, from 
the National Heart Institute, United States Public Health Senuce 
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state’ was leadilj soluble in chlorofoim The substance was prccipu 
three times fiom chloroform solution by acetone and tiion 
chloioform, and the mateual was subjected to analjsis Lipule Pr 
found to be 2 3 pei cent, theie was only a trace of nitiogen The imu-,^- 
was soluble in chloiofoim, ether, pcti oleum ethei, and heu'cno wh 
moist,’ and insoluble in watei, acetone, methanol, and ethanol Ii coj’i 
be piecipitated fiom thlorofoim oi ethei solution by acetone or inctlnn'’ 
The fattj acid content of the mateual which was piecipitated four tin^ 
was 75 per cent Fuither qualitative tests weie earned out on the oncmi’ 
material and on the hydiolysates, and none of the following could U 
detected glycerol (5), choline (6), caiboliydiate bj the anthrone tt * 
sodium, and potassium These tests weie lepeated a number of lunc' c 
seveial diffeient samples with the same lesults Attempts were niad^'t^ 


Table I 

Effect of Oleic Acid on Fecal Excretion of Phosphorus-Contaimng 
Ltpidc from Seven Rats 


Addition to diet 

Lipide r* 


n( fir day 

Fat-free 

0 07 

“ +1% sodium taurocholatc 

0 07 

5% oleic acid 

1 32 

25% “ " 

10 91 

25% “ “ -b 1% sodium taurocholatc 

■J GO 


* Average excretion per da% for a 7 daj period 


punfy the material furthei by remoxmig adhering fecal pigment by Ehakins 
a chloroform solution with cold 1 n HCl for 10 minutes It was then ol>- 
seived that the mateual no longer gave a precipitate with methanol n 
acetone, and the aqueous phase contained all the phosphorus as inorgani' 
phosphate The chlorofoim phase contained all of the fattj acid, "h'ch 
had an iodine numbei of 84 These piehmmar}’’ cxperinients indic'itc'i 
that the material was not a trae phospholipide, thercfoie it was decided t** 
conduct fuither experiments on the nature of this substance Rafs "W 
fed a diet high m oleic acid, and the lipide P-contamnig material « 
isolated and studied, P^- being used as a tracei 

Malcnals and Methods 

Ammals and Diet — Rats, weighing 175 to 200 gm , wcie ' 
individual cages auanged foi quantitative collection of fccc': ie< 

^ After drj mg to constant w eight at room temperature under a vacuum, it 
rial w ns insoluble in all solvents 
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in slight excess of the daily lequirement (10 gm ) was weighed and placed 
in food cups, and the diet lemaining the following day was weighed and the 
food intake calculated by difference To the diet were added 20 nc of 
each day for a total of 140 rc per week per rat The actual mtake was 
calculated from the data on the food intake The diet consisted of 20 
per cent casein, 24 pei cent corn starch, 24 pei cent glucose, 25 per cent 
oleic acid, 2 per cent methyl cellulose, 5 per cent Hubbell-Mendel-Wake- 
man salt mixture, and adequate amounts of the crystalline vitamins The 
diets were fed for 7 days Feces were collected daily, pooled, and refng- 
erated 

In a short term experiment eight lats were divided into two groups 
In one group each rat received 0 5 rc of P®^ per gm of body weight intra- 
pentoneally plus the oleic acid diet, the rats in the other group received 
the same amount of P^^ in the oleic acid diet The rats were killed after 
24 hours, and the feces and intestinal contents were collected and pooled 
for each group 

Treatment of Feces — The pooled feces were ground and extracted four 
times with boihng 2 1 chloioform-methanol The extract was washed 
with water, dned over Na 2 S 04 , and filtered, and the volume was deterrmned 
(2300 ml ) and a sample taken The extract w^as concentrated to 250 ml 
m an atmosphere of mtiogen The concentrated chloroform extract was 
divided in half One-half wms precipitated eight times by acetone and the 
other half seven times by methanol Samples were taken at each precipi- 
tation for analysis and P^^ counting 

In the short term experiment, the feces ivere ground and added to the 
mtestmal contents Extraction and concentration were carried out as for 
the previous group, one precipitation by acetone and four precipitations by 
methanol being carried out 

Analysis — The chloroform extracts of each piecipitation were analyzed 
for total phosphorus by acid digestion, followed by the Fiske-Subbarow 
color reaction (7) Total ash was deterrmned by heating at 550° overnight 
and by weighing the lesidue A sample iveight was determined by di 3 ung 
an aliquot of the chloroform extract to constant weight, and the total 
calcium was determined by treating an aliquot of the extract with 5 n 
H2SO4, heating until dry, and ashing at 550° The ash was dissolved m 
HCl and calcium was deterrmned by titration of the oxalate mth K]\ 4 n 04 
The fatty acid content was deternuned by shaking at room temperature 
an aliquot of the chloroform solution wuth 1 N HCl for 10 minutes The 
chloroform solution, contaimng the fatty acids, was v ashed with water, 
dried over sodium sulfate, and filtered The solvent w as remoi ed and the 
fatty acids w^ere weighed and then titrated with standard alcoholic KOH 
fo determine the average molecular weight Iodine numbers were also 
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determined on the fatt}' acids The aqueous phase from the aoid tuitn < • 
Mas analysed foi inorganic phosphate and calcium 
The content Mas deteiniined at each precipitation, torrcctcd i 
decay, and the activity expiessed m terms of counts per minute per iniia 
gram of P and counts per minute pei mg of lipide 


Results 


The data on the effect of methanol precipitation on the coinpoHUnii e 
the lipide aie sIiomui m Table II The phosphorus content of the lipui 
mcieased from 1 52 to 4 21 pei cent, a 2 S-fold increase iVll of the phn 
phate at each precipitation Mas lecoveied in the acid h5drol3S'itc Ci' 
cium foiined the same pattern and mcieased from G 7 to 11 S per tout, i 
2-fold increase Concoimtantlj’', the fatt}-’ acid content decreased iro 
83 0 to 69 9 pel cent, this deciease being approvimately the same as tf 
mciease m the inorganic fi action The percentage accounted for r 
appioNimatety 100 per cent as the ash plus the fatt}’^ acid, and about' ' 
per cent Mhen the individual fractions Mere totaled, indicating a* 
amount of inorganic mateiial not accounted foi m the analysis Int! 
lattei figuie, P Mas calculated as PO4 
The counts pei nunute pei mici ogram of P m ei e about the same throtidi 
out the piccipitations, indicating that ^nitually all of the P04 Mas in tU 
lipide On successive piecipitations all of the P^- could be ieco\ 01 ed in ll 
precipitate Calculation of the amount of total lipide 111 the onpiid 
chloiofoim extiact shoMcd that ovei 85 pei cent of the total focal IipuK 
Mas piesent as the phosphoius-containmg lipide The counts per iiiiiiiii< 
pel mg of lipide mcieased as the compound mus puiified, indicating np 
pioNimatelj’- a 2-fold purification Of the total amount of P'’” consiiiiipd 


26 4 pel cent Mas iccovered m the lipide 
Piecipitation Mas also earned out eight times bj'- acetone Iffetliutc 
treatment gave a highei P content than acetone, and the data are no' 
included, since thej’’ demonstiate similar increases m P and Ca and a drop 


m fatt}’’ acid content In further experiments, as inanj’’ as eleicn prtcipi 
tations b}’’ methanol Mcie cairied out The fatty acid continued toii> 


crease, mIiiIc PO 4 and Ca mcieased 
The pievious expeiiments had suggested that the hpidc Mas nof a 
phosphohpide, but piobablj’- a salt In ordei to obtain more inform iti" 
legardmg its salt-hke natuie, the pK of the compound Mas deftniim’^ 
A chloioform solution of the hpide piecipitated eleven times In 
Mas exposed to 0 2 m buffei solutions (acetate, nialeale, bitarbonite 
diffeient pH values The chloiofoim phase Mas anab’yed foi 
acid and the aqueous phase for calcium and phosphorus The p ^ 
complex Mas deteimmed from these dissociation data and Ma-^ fa 
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that point at winch 50 pei cent of the hpide was dissociated (Fig 1) The 
shape of the cuives is viitually identical foi the hbeiation of fatty acid. 

Table II 


Effect of Methanol Precipitation on Chemical Composition 
of Fecal Phosphoi us-Containing Lipide 


Ppt No 

Total P 

Hjdrolj- 
sate P 

Total Ca 

H> drolysate 
Ca 

Total 

ash 

Total fatty 
acid* 

Specific activity 


C p m per 
mg of 
lipide 


fer cent 

per cent 

per cent 

per cent 

per cent 

per cent 



Original 

1 52 

1 51 

6 70 

6 20 

15 38 

83 49 

56 3 

855 

1 

1 61 

1 65 

6 80 

6 40 

18 86 

78 49 

54 8 

883 

2 

2 44 

2 46 

9 30 

8 60 

21 40 

77 66 

52 6 

1281 

3 

2 94 

2 78 

9 81 

9 24 

25 65 

75 78 

48 1 

1412 

4 

3 09 

3 15 

10 31 

9 83 

26 33 

74 15 

50 4 

1559 

5 

3 53 

3 48 

10 51 

10 33 

27 23 

70 51 

44 7 

1577 

6 

3 72 

3 88 

11 04 

11 32 

29 08 

70 25 

45 3 

1685 

7 

4 21 

4 17 

11 83 

11 41 

32 35 

69 92 

46 5 

1780 


* Average molecular eight of fattj’- acid by titration, 289, iodine number, 84 0 



FREQUENCY IN CM ’ 

5000 2000 1000 700 



Fig 2 


I’m 1 The per cent of P, Ca, and fatty acid liberated from the hpide at different 
pH levels 

IiG 2 Infrared absorption spectrum of the lipide in the dr\ stale 


Ca, and P at different pH levels The pK foi the dissociation of the hpide 
found to be 6 0 to 6 3, as indicated in Fig 1 No dissociation occurred 
tthove pH 7 5 In some expeiiments the hpide vas heated foi 16 hours 
"ith 10 per cent NaOH and no dissociation occuiied 
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The lipide \\as 'subjected to infiarcd analjsis to determine inon' i 
clusu el} the presence and absence of specific bonds and groiipnms n 
spectrum of the hpide (Fig 2) A\as obtained as a KBi pellet In 
Peikin-Elinei lecoiding mfiaied spectrophotometei with an NaC'l 
The bands in the spectrum indicate the presence of carboxjl ion (o-} u 
inorganic phosphate (9 o /i), C — H stietching (3 4 jn), 0— II strctdnn:. Hi* 
m), and (CHo) n groupings (13 S m) The 0— H stretching bmul >il ip 
pioxiniateh 30 ^ may be due to eithei ROH oi HOII Sinecnoalr..' 
was found m the hpide, the band must be due to watei It i^. ot 
cance that no bands were piesent at 4 to 6 /i, indicating the iilnon'oo 
ester, anhydride, aldehyde, and ketone linkages 
In ordei to obtain more infoimation icgarding the formation ot t! 
hpide P-contaimng material, P^- was administered intrapcntoncalK n-, 

Table III 


Incorporahon of P” mto Fecal Phosphorus-Contatmng Ltpxdc 


Group No • 

P> actiMtj 

1 

Diet eaten 
per rat | 

Per cent total 
activit> recovered 
m Iipidc 

Cpm per 7 of 

! 

mm 

m 


IBHBBi 




4 

I (4 rats) 

mSSm 


0 7 

2 2 

in 

II (4 “ ) 

HH 

BBI 

10 1 

2S2 

ten 

1 


* Group I, P” given intrapcntonealb', Group II, P’- given in liie diet 
t After purification methanol precipitation 


m the diet (Table III) It is seen that only 0 7 per cent of the ?"’ nctmb 
could be recovered m the hpide wdien the tiacer was given intrapontonnln, 
whereas 10 1 per cent was recovered wdien the P^- was administered in tb 
diet After purification b}’’ methanol piecipitation, the specific actni!' 
Avas considerably gi eater in the group which was fed P^- m their di‘t 
These results indicate that the hpide is formed predominanth m 
from dietar}’^ PO4, Ca, and fatty acid 

DISCUSSION 

The present study has confirmed and extended the obsenations of h' 
and Ivy (1) and Pihl (2) Rats fed an oleic acid diet excreted 
amounts of a phosphorus-containing lipide m their feces From tliei ^ 
ical composition, the dissociation cuues, the infrared ‘^peetnim^^^*''^ 
other data presented, a structure may be pioposed for this hpide m w ‘ 
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theie ai6 2 atoms of Ca"^, 1 mole of HP 04 “, and 2 moles of fatty acid 
(oleic) as follows 

0 o 

II 

R— C— 0- Ca++ 0-— P— 0- Ca++ 0 

I 

0- H+ 

The peicentage composition would be calcium 10 8 pei cent, phosphorus 
4 2 per cent, and fatty acid 76 2 per cent This is m close agreement wuth 
the analytical data A lipide of this natuie has not been leported pre- ' 
viously, and its piopeities of solubility aie unusual since it does not contain 
a covalent phosphate estei bond The moleculai weight of the compound 
would be 738 Attempts were made to determine the molecular eight 
of the complex by depiession of freezing point in benzene, but values weie 
exceedingly high (3000), suggesting lipide association in this solvent 
The hpide could not be puiified to constant composition, but if the 
material is a salt, then it may be assumed that it was partially lomzed m 
methanol and small amounts of fatty acid were xvashed out during succes- 
sive precipitations Acetone tieatment did not reduce the fatty acid 
content of the lipide as much as methanol, piobably because acetone is the 
less polai of the two solvents 

The experiments demonstrated that the hpide x\ as formed predomi- 
nantly m the gut from dietary phosphoras, calcium, and fatty acids The 
incoiporation of P^^ into the hpide was about fifteen times greatei when the 
isotope was given in the diet than xx^hen gwen intiaperitoneallj’’ Thus, 
there would appear to be no turnover of phosphorus m the hpide and its 
foi matron would seem to be strictly exogenous in natuie 
It IS of interest to note from the previous xvork (1, 2), and also from 
expeiiments recently completed in these laboratories, that oleic acid had 
the greatest effect on the excretion of this hpide m the feces Neutral fat 
and palmitic acid had little effect The reason for these differences may 
be relhted to the presence of the double bond oi to the loxx melting point 
of oleic acid 

So far, the function and sigmficance of this hpide are unknoxxn It xxas 
obseived in the present study that (1) large amounts of unabsorbed fat 
are excreted in the feces, and (2) that the hpide could account for 85 pei 
cent of the total fat excretion These findings are of inteiest, since oleic 
acid has been shown to be xxmll absoibed If this lipide has no function in 
absorption, then it can be assumed that oleic acid, calcium, and phos- 
phorus absorption aie impaired because of its formation 


0 

II 

— C— R 
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SUXI'SIARY 

1 Rats fed a 25 per cent oleic acid diet excreted largo amouutv ( ^ - 
pliosphonis-containing iipide in their feces 

2 The hpide resembled phospholipide in that it contained pho^plim 
and could be precipitated fiom chloroform solutions bj acetone 

3 Characteii7ation of the lipidc revealed that it was a salt with il 
follow mg composition 2 atoms of Ca++, 1 mole of HPOa", and 2 riu»t > v\ 
oleic acid 

4 The admimstiation of indicated that the lipide was fonned m tf. 
gut from dietar}' phosphorus, calcium, and oleic acid Theie was no pbi 
phorus turnover in the compound 

5 The formation of this lipide gieatly impaired the absorption of ot 
acid 

The infrared analj’-sis and interpietation were made through the court - 
of W B Wartman, Ji , Research Laboratory, The Anieiican Tob > 
Companj’', Inc , Richmond, Virgima 
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SPECIFIC KEACTIONS OF DINITROFLUOROBENZENE WITH 
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The sulfhydryl, disulfide (1), phenobc (2), imidazole (3), and ammo 
groups (4)^ of protems exhibit varymg degrees of reactivity in the native 
protein Sorm and Rychlik (5) have shown that the protease and milk- 
clotting activities of chymotrypsm (ChTr) drop with mcreasmg extent of 
substitution by 2,4-(hnitrofiuorobenzene (DNFB, or Sanger’s reagent) 
The esterase activity of ChTr contammg two dimtrophenyl (DNP) groups 
per mole of protem was higher than the control, but the activity decreased 
on further treatment with DNFB Massey and Hartley (6) reported 
that the conditions normally employed m the reaction of protems with 
DNFB (7) produce a rapid mactivation of ChTr Under milder conditions 
of reaction, only 1 of the 2 histidme residues reacted with DNFB 
The present work was carried out m an attempt to determme whether 
the reaction of any particular ammo acid residue m ChTr is associated 
with the loss of enzymatic activity The reaction of ChTr with DNFB 
has been studied under various conditions of pH, temperature, and molar 
ratio of reactants The reaction was followed by correlating loss of en- 
zymatic activity with the amount and distribution of protem-bound DNP 
residues 


EXPERIMENTAL 

C/iTr— All the experiments were carried out vuth a salt-free preparation 
of ChTr (Mann) The protem concentration was deternnned by the 
method of Schwert and Kaufman (8), an average molecular weight of 
22,500 was used for ChTr m calculation of molar concentrations of ChTr 
and its chemically modified foims Esterase activity was determmed 
by the method of Schwert et al (9) with A''-acetyltyrosme ethyl ester as the 
substrate at pH 7 40 (tris (hydroxymethyl) ammome thane (Tris) buffer) 
The ChTr had an esterase activity of 0 34 m eq per minute per mg of 
protem 

P^^-Laheled Diisopropylphosphorofluoridatc (DFP^~) This was obtained 
commercially with an initial specific activity of about 10 me pei mmole 

Presented at the Forty-seventh annual meeting of the American Society of Bio- 
ogical Chemists at Atlantic City, April 16-20, 1956 
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and a puiity of 65 pei cent The deteinunation of purity was based on 
the extent of leaction with a large excess of ChTi 

Dimirophemjl Chymotrypsin {DNPChTr)—^ 90 X 10“^ ChTr was 
treated with a 1 to 27 molar ratio of DNFB (prepaied as a dilute solution 
in methanol) to ChTr in the presence of 0 1 to 0 2 m buffer, 10 m KCl 15 
per cent methanol, and at 25 0° foi the desired time The amount of 
DNFB which had reacted with. ChTi was determined by measuring the 
amount of unchanged DNFB The DNPChTr was precipitated mth 5 
per cent trichloroacetic acid (TCA) and washed free from DNFB cither 
with acetone or with 1 per cent TCA The extensively dimtiophenylated 
ChTi IS appreciably soluble in acetone, and 1 per cent TCA was used for 
washing this material The DNFB was hydrolyzed ivith 0 2 n NaOH 
in a water bath for 20 minutes and the color produced by the resultant 
dmitrophenol measured at 357 m^ with the Beckman DU spectropbotom 
eter 

P^^-LabeledDiisopropylphospJwryl (DP)-DNPChTr — 3 90 X lO'^MCIiTr 
was partially inactivated by reaction with DNFB and then treated, a( a 
concentration of 2 60 X 10~^ M, with 3 18 X 10-* m DFP®^ for 30 minutes 
at room temperature and a pH of 7 40 The DP^®-DNPChTr was precipi 
tated with 5 per cent TCA, and the precipitate was thoroughly ivashed, 
rapidly redissolved m 0 1 n NaOH at room temperatuie (10 seconds), and 
rapidly reprecipitated with TCA The precipitate was washed, rcdis- 
solved in 0 1 N NaOH, and the radioactivity measured on an aliquot of the 
sample DNPChTr, but not ChTr itself, has a tendency to occlude or ad 
soib unchanged DFP^^ and its hydrolysis products upon precipitation witli 
5 per cent TCA Conclusions drawn from the radioactmty remaining m 
the supernatant solution would therefoie be erroneous For example, anal 
ysis of the TCA filtrate of a reaction nnxture m which ChTr had been 
completely inactivated by reaction with DNFB, and then treated with a 
1 22 molar ratio of DFP^^ to DNPChTr (the actual ratio added was 1 88 of 
the 65 per cent pure DFP^^), showed that 1 to 1 5 moles of DFP^’ per nrolc 
of ChTi had disappeared from the supernatant fluid However, al! of 
this P’" could be removed fiom the precipitate by dialysis agamst 05 m, 
pH 7 40, phosphate buffei The adsoibed P®^ can also be removed from 
samples of partially inactivated DNPChTi by rapidly dissolving t ^ 
precipitate in 0 1 n NaOH at room temperatuie (approximately 10 secon s) 
and at once precipitating the protein with TCA Control experiniens 
have shown that DPChTi is stable to this treatment TJnfortunac3j 
completely inactivated DNPChTr is not readily soluble m 0 1 n 
at room temperature . f 

Hydrohjsis of DNPC/iTr— The DNPChTr was precipitated mtn 
ficient 50 per cent TCA to make a final concentration of 5 per cen 
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washed fiee from DNFB and dimtrophenol as described above, and dried 
in a vacuum desiccator ovei CaClj The material was hydrolyzed by 
incubation m a boihng watei bath foi 16 hours with 10 times its weight 
of 6 N HCl The excess HCl was lemoved by lepeated concentration m a 
vacuum desiccator over NaOH and the acidic solution extracted three 
tunes mth ethei 

DimtropJienyl Chymotrypsinogen (DNPChTrogen ) — This material was 
prepared and hydrolyzed in the same manner as described for DNPChTr 

Separation and Determination of Histidine — The histidine was separated 
from the other ammo acids by the method of Wmters and Kimm (10) 
The acid was removed by passmg the hydrolysate through a column of 
Amberhte IE--4B m the hydroxyl form Lysme and argimne were then 
adsorbed on a column of Amberhte IRC'50 buffered at pH 7 0, and histidme 
on a column of Amberhte IR,C-50 buffered at pH 4 6 with acetate buffer 
Tie histidme was eluted with 1 n HCl and determmed quantitatively by 
the p-nitrobenzoyl chloride method of CowgiU (11) 

Results 

The reaction of ChTr with DNPB was carried out m 1 m KCl for the 
following reason It was noted that, when a sample of partially mactivated 
DNPChTr was allowed to stand m 1 m KCl-0 3 per cent gelatm solution 
(this solution was used to dilute the enzyme to the proper level for activity 
determinations), the activity gradually increased (Fig 1) However, when 
the reaction with DNFB was carried out m the presence of 1 m KCl, the 
activity of the diluted DNPChTr remained about constant over a 24 
hour period (Fig 2) and the presence or absence of KCl bad httle or no 
effect on the rate of reaction with DNFB The explanation for this m- 
crease m activity of partially inactivated DNPChTr is not available at 
the present tune Controls carried out under identical conditions did 
not show this phenomenon 

The reaction of ChTr with DNFB is rather slow at 25 0° and pH values 
close to neutrahty Significantly higher temperatures could not be used 
since, m control experiments carried out under the conditions used for 
reaction with DNFB, ChTr was rapidly mactivated at 35 0° Thus, at 
the concentration levels of ChTr and DNFB (3 90 X lO"^ Ji and 1 05 X 
10-2 M, respectively) used m Fig 3, it requires approximately 9 hours to 
produce a 50 per cent loss m activity Inactivation of ChTr begins onl}’’ 
after the addition of 2 moles of DNFB per mole of ChTr, and no mciease 
m original activity as reported by Sorm and Rychlfk (5) was found At 
this pH, the specificity of DNFB towards the “active centei” of ChTr 
appears to be very small From Mills’ work with insulin (12), it vas to be 
expected that changes m pH would have a differentiating effect on the 
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reactivity of individual residues of ChTr towards DNFB For thee 
reasons it was decided to study the reaction of ChTr iwth DNFB over the 
pH range 6 to 11 

Since both phosphate and boiate buffeis were needed to cover the entire 
lange, the effect of buffer ions on reactivity and stability of ChTr under 
the conditions of the reaction had to be studied ' It may be seen from 



TIME OF REACTION WITH DNFB (hrsl 

Fig 1 Gain of activity of partially inactivated DNPChTr on standing in I >> 
KCl-0 3 per cent gelatin solution 3 90 X 10“^ m ChTr ivas treated vith 675 X I®"* 
Ai DNFB in 0 2 m, pH 7 50, Tris buffer, 5 per cent methanol and no KCl at 25 0 

Table I that ChTr, at a concentration of 3 90 X 10~^ si, leacted more 
rapidly and was more resistant to denaturation in the borate and phosphate 
boi ate buffers than in phosphate buffer Because of this effect of phosphate 
ions on the stability and reactivity of ChTr, the buffer systems from p 
7 21 through 9 15 were prepared from equimolar mixtures of phosp a a 
and borate buffers 

Table II shows the stability of 3 90 X 10"^ m ChTr over the pH rang 
6 20 to 11 07 The increased rate of mactivation at pH 8 77 is presuma 

' The use of Tris buffer vas abandoned after the initial e\perinients beciu 
buffer itself slow ly reacts with DNFB 
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due to the fact that this pH is optimal for autolysis ChTi, uudei the 
conditions used lieie, is lathei stable at pH 10 to 11 and shoit time re- 
actions with DNFB may be earned out at this pH with little or no loss of 
activity from denatuiation 



Fig 2 Gam of activity of partially inactivated DNPChTr on standing in 1 m 
KCl 0 3 per cent gelatin solution 3 90 X 10~^ m ChTr v as treated v ith 1 05 X 10 ^ 
M DNPB in 0 2 m, pH 7 50, Tris buffer, 5 per cent methanol and 1 0 m KCl at 25 0° 

The reaction late of DNFB with ChTr ivas found to be a constant at a 
given pH when calculated accordmg to the equation 


t a(o — x) 

where K is the specific reaction rate constant, t is the time of leaction vitli 
DNFB, X IS the number of groups tvhich leacted tvith DNFB at time 
f, and a is the number of DNFB-ieactive groups on ChTi This is the 
form of the second older rate equation m which the concentrations of 
the two leactants aie similar Theie aie twenty-two gioups on ChTi 
capable of reacting wnth DNFB (7, 13), and 27 moles of DNFB per mole 
of ChTr weie initially available for reaction As shown by Fig 4, t le 
pH of the reaction mixture has a marked influence on the late of reaction 
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between DNFB and ChTr Under the conditions used, the reaction at a 
pH higher than 9 15 is too rapid for convenient measurement 
Not only was the reaction of ChTr with DNFB more rapid at a higher 
pH, as one might expect, but it was found that the reaction becomes more 
specific As the pH increases, the number of moles of DNFB required 
to be bound pei mole of ChTr to pioduce 50 per cent inactivation decreases, 
with a nimimum at pH 10 66 (Fig 5) It should be noted that the points 



Fig 3 Rate of inactivation of 3 90 X 10“^ m ChTr with 1 05 X 10"* m DNFB in 
0 2 M, pH 7 24, phosphate buffer, 10 per cent methanol and 10 m KCl at 25 0° 

above pH 10 were obtamed by means of a 3-fold rather than the usual 
27-fold molar ratio of DNFB to ChTr because of the excessive speed o 
leaction in this pH lange when the higher ratio of DNFB to ChTr is use 
The observed Iso would be larger if the 27-fold molar ratio of o 
ChTr were used (note the use of 7 2 molar ratio of DNFB to Ch f 
Fig 5) But the data clearly indicate that the point of maximal SP®®’ ' 
IS neai pH 10 66 At this pH, the addition of 1 06 moles of ^NFB ^ 
mole of ChTr results m over 50 per cent inactivation vath binding o 
than 1 mole of DNFB pei mole of ChTr - 

* At pH 10 66, more DNFB may be found bound to ChTr dunng 
utes than after the reaction has proceeded for 2 to 4 hours, even thoug 
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Dnsopiopylphosphoiofluoudate (DFP) leacts with ChTr on an equunolai 
basis (15) Is the inactivation of ChTr by DFP and DNFB caused by 


Table I 

Compauson of Effect of Phosphate and Boiate Buffeis 
on Reaction of DNFB with ChTi 



Controls 

With DNFB 

Time 

Per cent activity lost 

Phosphate buffer 

0 2 m. pH 7 97 

Borate buffer 

0 2 m, pH 7 98 

0 1 it phosphate 0 05 ii 
borate buffer 
pH 7 95 


Phosphate 
buffer 0 2 it 
pH 7 9? 

Borate 

buffer 

0 2m 
pH 7 98 

Per cent 
activity 
lost 

Moles 
DNP 
bound 
per mole 
ChTr 

Per cent 
activity 
lost 

Sloles 
DNP 
bound 
per mole 
ChTr 

Per cent 
activity 
lost 

Sloles 
DNP 
bound 
per mole 
ChTr 

hrs 









■SI 



6 4 

3 05 


4 34 

15 0 

3 66 

HI 

4 4 

0 0 

24 0 

4 88 


6 60 

39 0 

5 24 

2 0 



55 1 

7 92 

78 0 

9 30 

71 7 

8 65 

3 0 

9 2 

2 0 







4 0 



85 3 

11 18 

92 7 

13 29 

92 2 

13 19 

50 

16 0 

4 2 







24 0 

36 8 

12 9 








3 90 X 10“^ M ChTr v as treated with 1 05 X 10"^ si DNFB in 15 per cent methanol, 
1 0 M KCl, and the appropriate buffer at 25 0° 


Table II 

Loss of Activity of Chyinoti ypsin at Vaiious pH Values 


Tune 

pH 

6 20 

pH 

6 97 

pH 

7 21 

pH 

7 51 

pH 1 
7 95 

pH 

8 25 

pH 

8 77 

pH 

9 IS 

pH 

10 03 

pH 

10 66 

pH 

11 07 

hn 

2 0 

0 0 

0 0 

0 5 

1 6 

1 4 

1 4 

3 0 

0 0 

0 3 

1 6 

2 6 

6 0 

0 0 

0 0 I 

0 3 

3 3 

3 9 

3 6 

8 5 

3 8 

6 5 

13 0 

15 5 

24 0 

5 5 

1 

8 7 1 

1 

6 5 

1 

8 4 1 

1 

8 5 1 

1 

9 0 

12 4 

11 7 

17 3 

29 0 

31 5 


3 90 X 10-< M ChTr in 1 0 si KCl, 15 per cent methanol, and the proper buffer 
Buffers used, pH 6 20, 6 97, 0 2 si phosphate pH 7 21 to 9 15, 0 1 si bonte 0 1 si 
phosphate pH 10 03, 0 2 si borate pH 10 66, 11 07, 0 1 si carbonate 


tfiactions with the same or a diffeient gioup on the CliTi molecule? To 
answei this question, ChTi w^as first partiall y inactivated by DNFB and 

uf the DNPChTr continues to decrease because of additional reaction s\ ith the imid- 
azole group (Tables III, IV, V} This is thought to be due to the instabiht> of 
‘ BNP Ij sine in alkaline solution (14) 
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then treated with Dpp extent of inactivation of ChTr 

with DNPB ranged from a few per cent to complete inactivation Thc^e 
reactions were carried out at both pH 7 51 and 10 66 to make sure that 
the mechanism of the reaction of ChTr with DNFB which produces enzime 
inactivation was the same under varying conditions of specificity The 
reaction with P“-labeled DFP was earned out in Tris buffer, pH 740, 



Fig 4 Effect of pH on the reaction of ChTr with DNFB 3 90 X 10"^ ^ ChTr 
was treated with 1 05 X 10~® m DNFB in 0 2 m buffer, 15 per cent methanol, IOm 
KCl and at 25 0 ° The buffers were pH 6 20 and 6 97, 0 2 M phosphate buffers, pH 
7 21 through 9 15, 0 1 m borate-0 1 m phosphate buffers 

and a molar ratio of DFP^^ to ChTr of 1 22 Tables III and 17 shoiv 
that the amount of DFP*^ capable of reaction with the partially mactivate 
DNPChTr is the same as the amount of enzymatic activity remaining 
after reaction with DNFB These results lead to the concluswn t a 
DFP and DNFB react with one and the same grouping on the Ch r mo e 

The amount of free histidine remaining in ChTr after partial inactivatw^ 
with DNPB was determined Close agreement was found 
fraction of 1 mole of histidme which reacted with DNFB an t e o 
esterase activity (Table V) There are 2 histidine residues per m 
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ChTi (13), but it appeals that only one of these is capable of leaction ^\ath 
DNFB undei the expeiimental conditions used 



Fig 5 Number of moles of DNFB per mole of ChTr required to produce 50 per 
cent inactivation (7eo) as a function of pH 3 90 X 10“^ m ChTr was treated with the 
concentration of DNFB given The buffers were pH 6 20 and 6 97, 0 2 m phosphate 
buffers, pH 7 21 through 9 15, 0 1 m borate-0 1 m phosphate buffers, pH 10 03, 0 2 m 
borate buffer, and pH 10 66 and 11 07, 0 1 m carbonate buffers 


Table III 

Reaction of DNPChTr with DFP^^ 


Time of reaction with 
DNFB 

Fraction of ChTr acti\e 
after reaction with DNFB 

Moles Dp 32 bound , 

per mole ChTr 

Moles DNP bound 
per mole ChTr 

hrs 




0 0 

1 000 

0 996 


1 0 

0 934 

0 926 

2 40 

2 0 

0 755 

0 779 

4 60 

3 0 

0 585 

0 547 

6 63 

4 0 

0 455 

0 459 

8 20 

5 0 

0 322 

0 382 

9 79 

6 0 

0 213 

1 

0 269 

11 07 


3 90 X 10 ^ M ChTr was partially inactivated by reaction with 1 05 X 10 - m 
BNPB at pH 7 51 (0 1 m borate-0 1 M phosphate buffer), in 15 per cent methanol 
and 1 0 M KCl at 25 0° and then treated for 30 minutes at 25 0° and pH 7 40 ((ChTr) = 
2 CO X 10-< m) with 3 18 X 10-' m DTP’!! 

^^Tien chymotrypsinogen (ChTiogen) is incubated wuth a 3-fold molar 
ratio of DNFB to ChTrogen under the same conditions as ChTr, 2 23 
moles of DNFB react per mole of ChTrogen, but no DNFB is found bound 
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to histidine (Table '\T) DNPChTiogen is activated by tiypsin at the 
same rate as is ChTrogen, vathout loss of DNP residues, and the specific 


Table IV 

Reaction of DNPChTr with DFP‘- 


(DNFB)/(ChTr) = 1 06 

(DNFB)/(ChTr) = 2 93 

Time of j 
reaction 
ith DNFB 

1 

Fraction 
ChTr active 

after reaction 

with DNFB 

JIoIeDP« 
bound per 
mole ChTr 

afoles DNP 
bound per 
mole ChTr j 

1 

Tune of 
reaction with 
DNFB 

Fraction 
ChTr active 

after reaction 

with DNFB 

side Dpr 
bound per 
mole ChTr 

Moles 

DNP 

bound per 
mole CuTr 

mtn 


i 


mtn 




15 

0 850 

0 843 

0 79 ' 

45 

0 534 

0 554 

1 72 

i 




hrs 




30 

0 774 

0 745 

0 71 

2 

0 360 

■El 

1 oS 

60 

0 686 

0 680 

0 70 

4 

0 266 


IP 

10* 

0 056 

1 

0 062 

14 20 

1 


! 

m 



3 90 X 10~* M ChTr was partially inactivated by reaction with DNFB at pHMfti 
(0 1 M carbonate buffer), in 15 per cent methanol and 1 0 si KCl at 25 0°, then treated 
for 30 minutes at 25 0° and pH 7 40 ((ChTr) = 2 60 X 10"^ m) vnthS 18 X 10 -<mDFP» 
* In this run (DNFB/ChTr) vas 27 0, the final mixture, after reaction vith DFP", 
was dialyzed 5 days against 0 5 m, pH 7 50, phosphate buffer 


Table V 


Free Histidine Content of ChTr Partially Inactivated with DNFB 


Time of treatment 
■with DNFB 

Moles DNP 
bound per mole 
ChTr 

Moles free histidine 
per mole ChTr 

Fraction of 1 mole 
free histidme dis 
' appeared 

Fraction of 
actiutj lost 

jntn 


1 



0 0 


1 995 



15 0 

0 70 

1 839 

0 156 

0 145 

45 0 

1 75 

i 1 546 

0 449 

0 440 

hrs 



1 


1 0 

0 61 

1 635 

0 360 

0 354 

2 0 

1 57 

1 349 

0 646 

0 613 

4 0 

1 53 

1 229 

0 766 

0 744 

^ 1 t iTx 


3 90 X 10~^ M ChTr v, as treated with 3 50 X 10"^ si (for 15 minutes and for <> 
and 1 05 X 10“® si (for 45 minutes and for 2 and 4 hours) DNFB at pH 10 
carbonate buffer) in 1 0 si KCl, 15 per cent methanol, and at 25 0° 


esterase activities of the lesultant DNPChTr and ChTi are the san^^ 
In a separate experiment, ChTrogen was tieated ivith a larger 
of DNFB (DNFB/ChTrogen = 9) for 45 nnnutes under the same 
ditions as described m Table VI Approximately 80 pei cent o 
tern became insoluble durmg this reaction, which led to t e u 
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7 75 DNP lesidues pei mole of ChTrogen However, the total piotem 
(soluble and insoluble) still contained 2 0 moles of fiee liistidme per mole 
of piotem as detei mined aftei hydiolysis The soluble portion, contaming 
6 75 DNP lesidues pei mole of piotem, exhibited the same specific activity 
after trypsin activation as a control which had not been treated with 
DNFB This would indicate that dinitrophenylation of ChTi at sites 
other than the reactive histidine lesidue has no effect on its activity 
The bond foimed by the leaction of DFP with ChTi is not stable to 
the acid hydrolysis used heie, and all of the histidme is found m the un- 
bound form when it is separated from an acid hydiolysate of DPChTi 
WTien DPCliTi is allowed to react immediately ivith a 3-fold molai ratio 


Table VI 

Reaclion of ChTrogen with DNFB 


Time oi 
reaction 
with DNFB 

Moles 
DNP 
bound 
per mole 
ChTrogen 

Moles free 
histidmeper 

Bate of conversion to DNPChTr and ChTr, per cent 

Trogen after 
reaction 
with DNFB 

Compound 


4 

mm 

8 

mm 

16 

min 

30 

mm 

40 

mm 

60 

mm * 

2 0 hrs 

2 23 

1 997 

ChTrogen 

B 

34 7 

53 3 

73 2 

87 9 

95 5 


DNPChTrogen 

24 3 

36 1 

52 3 

74 4 

91 6 

100 0 



3 90 X 10"^ M ChTrogen was treated with 1 05 X 10~® m DNFB for 4 hours at pH 
10 66 (0 1 M carbonate buffer), in 1 0 mKCI, 15 per cent methanol, and at 25 0® DNP- 
ChTrogen and ChTrogen (1 67 X 10“^ m) were converted to DNPChTr and ChTr 
by 1 67 X 10“® M trypsin at 21° and pH 7 6 The solution contained 0 43 m KCl, 
6 40 per cent methanol, 0 043 M carbonate, 0 29 M phosphate, and 0 43 ii Tns buffer 
* The activity after 60 minutes (unchanged after 19 hours) vas taken as 100 per 
cent 

of DNFB to DPChTr for 45 minutes at pH 10 66, and then hydrolyzed, 
all of the histidine is separated as fiee histidine The same result is ob- 
tained with DPChTr which has aged for 6 days before being treated v ith 

DNFB 

DISCUSSION 

It IS not clear why the reactivity of the imidazole N (pK appro\imatel 3 '’ 
d 1) towards DNFB should be so gieatly increased at high pH values 
It must be associated with the nature of the “active center,” as the second 
imidazole group does not behave in this fashion Evidently, the DNFB 
IS acting m the role of a substrate for ChTr but, once bound, hke the organo- 
phosphorus compounds, it cannot be released from the “active center 
Unlike the organophosphorus compounds, hovever, the initiall}' formed 
DNPChTr is stable and the DNP group is not transferred to a second 
^mino acid residue Although it has been found that, vhen ChTr is 
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completely luactivated with DFP or Sarm,^ the phosphoius is bound to 
the hydroxyl gioup of a serme moiety (16, 17), theie is evidence for a 
sequential reaction On prolonged incubation of an organophosphonis 
inactivated enzyme, the enz 3 mie becomes more resistant to reactnation 
by hydroxaimc acids (18-20) This phenomenon is dependent on tem 
peiatuie and has been intei preted as mdicating a giadual transfei of tlie 
alkylphosphoiyl group from an unstable to a more stable linkage (20) 
The finding that DNFB does not leact vuth the histidme lesidue of aged 
DPChTr does not disprove the theory of a sequential leaction foi at least 
two reasons First, the hydroxyl group of senne wheie the DP group is 
eventually found may be so close spatially to the imidazole group of lusti 
dine as to prevent a reaction between DNFB and histidine, secondly, tte 
imidazole group of the “reactive histidme” may no longer react as readih 
with DNFB after the protein has lost its enzymatic properties 
The possibihty of histidme bemg mvolved in the “aetive center” of 
ChTr and m the first stage of the postulated sequential reaction is supported 
by various hnes of evidence Weil ei cZ (21) found that the giadual los 
of ChTr activity produced by photooxidation m the presence of nieth\kne 
blue was associated with the loss of histidme and tryptophan After 
complete mactivation, 1 mole of histidme and 3 moles of tryptophan uk 
lost, with little or no loss of the other ammo acids measured This finding 
has been confirmed by Jandorf et al (20), who also reported that the rate 
of oxygen uptake and histidme and tryptophan loss is lower for DPChTr 
than for ChTr, and that photooxidation results m no loss of protein-bound 


DFP-derived phosphorus 

Weil and Seibles (22) also found a correlation between the loss of actmtv 
and the loss of histidme on the photooxidation of ribonuclease (ribonuclcase 
does not contain tryptophan) However, Wood and Balls (23) found that 
ChTr was inactivated by tieatment ivith peroxidase, which caused the 
loss of 1 mole of tryptophan but had no effect on histidme or t 3 T 0 sine 
Because the inactive ChTi would still react with diphenylphosphoro 
chloridate to the same extent as untieated ChTi, they concluded that the 


tryptophan residue lost acted “as an auxiliary rather than a necessarj 
group m the action of the enzyme” (23) Gross and Egan (24) reporter 
that the complete reduction of the disulfide groups of ChTi vath p ch oro 
mei curibenzoate i esulted in complete loss of enzymatic activity Hon ei er, 
it also resulted m extensive destruction of the ChTr molecule Histi 
IS the only naturally occurring ammo acid found to catalyze the hy ro j- 
of DFP at the P— F bond (25) Massey and Hartley (6), by the use^^ 
DNFB, have shown that 1 of the 2 histidme residues of ChTi is associa 


with the activity 


^ Isopropyl methylphosphonofluondate 
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The amount of DNFB bound to the imidazole gioup of histidine accounts 
foi only a pait of the total DNFB bound under the conditions used Foi 
example, in the tieatment of DNFB with ChTi foi 1 houi (Table V), 
0 61 mole of DNFB pei mole of ChTi leacts but only 0 360 mole is bound 
to lustidme Optical density measiuements of the piecipitate, dissolved 
m 02 N NaOH, lead at 357 mu and with t-DNP lysine as a standaid, 
showed 0 25 mole of DNFB bound pei mole of ChTi The calculations 
from data by Levy and Li (26) lesult m a value of 0 22 mole of DNFB 
per mole of ChTr foi the combined leaction wath alamne, isoleucme, and 
lysme The diffeience of 0 03 mole of DNFB, if significant, imght be 
accounted for by reaction with the hydroxyl group of tyrrosme, as (O)-DNP 
tyrosine is colorless, m analogy mth the demonstrated, albeit slow, reaction 
of phenohc hydroxyl gioups m proteins and model compounds mth organo- 
phosphoius compounds (20, 27, 28) 

The 1 histidine residue that reacts with DNFB m ChTi does not react 
in ChTrogen One must conclude, therefore, that the imidazole group 
of this histidme is “covered up” m some mannei and released w^hen ChTio- 
gen is converted to ChTi 


SUMMARY 

Chymotiypsm is mactivated by reaction wuth 2,4-dmitrofiuoiobenzene 
This leaction becomes more rapid and more specific at highei pH values 
and reaches a point of maximal specificity at pH 10 66 On treatment of 
chymotrypsm with 2,4-dmitiofluoiobenzene under mild conditions, the 
decrease in enzymatic activity parallels the fraction of 1 mole of histidme 
bound by 2,4-dmitiofluorobenzene, and also parallels the same fractional 
loss m the dusopiopylphosphoiofluoridate-bmding ability'’ of the enzy^me 
It appears, therefore, that diisopropylphosphorofluoiidate and 2,4-dmitro- 
fluorobenzene cause mactivation of chymotiypsm by reaction with the 
same group and that 1 of the 2 histidme residues in chymotrypsm is as- 
sociated with this “active center ” Dmitiophenylation of chymotiypsmo- 
gen does not invoNe histidine, the lesulting protein is activated by'’ trypsin 
at the same rate, and to the same specific activity, as untreated chynno- 
trypsinogen 


BIBLIOGRAPHY 

1 Anson, M L , Advances in Protein Chem , 2, 361 (1945) 

2 Crammer, J L , and Neuberger, A , Biochcm J , 37, 302 (1943) 

3 Porter, R R , Biochcin J , 46, 304 (1950) 

4 Porter, R R , Biochim el biophys acta, 2, 105 (1948) 

5 Sorm,F , and Rychlfk, I , Chcin Lisly, 46, 465 (1952), Chem Ahslr , 46, 11264 

(1952) 

6 Masse 5 ^, V , and Hartley, B S , Rdsumd des communications, 3' Congres Inter- 

national de Biochimie, Brussels, 15 (1955) 



764 


ACTIVE GROUPS OP CHYMOTRTPSIN 


7 Sanger, F , Btochem J , 39, 507 (1945) 

8 Sch^vert, G W , and Kaufman, S , J Biol Ckcm , 190, 807 (1951) 

9 Schwert, G W , Neurath, H , Kaufman, S , and Snoke, J E , J Biol Chcm 172 

221 (1948) ’ ' 

10 Winters, J C , and Kunin, R , Jnd and Eng C/iem , 41, 460 (1949) 

11 Con gill, R W , Anal Chem , 27, 1521 (1955) 

12 Mills, G L , Biochem J , 63, 37 (1953) 

13 Brand, E , in Northrop, J H , Kunitz, M , and Hernott, R M , Cr3staIlino cn 

zymes. New York, 26 (1948) 

14 Sanger, F , Biochem J , 46, 563 (1949) 

15 Balls, A K , and Jansen, E F , Advances in Bnzymol , 13 , 321 (1952) 

16 Schaffer, N K , Maj-^, S C , Jr , and Summerson, W H , J Biol Chem , 202, G7 

(1953), 206 , 201 (1954) 

17 Oosterbaan, R A , Kunst, P , and Cohen, J A , Biochnn et biophys acta, 16, 

299 (1955) 

18 Wilson, I B , Ginsberg, S , and Meislich, E K , / Am Chem Soc , 77, 4lh!j 

(1955) 

19 Jandorf, B J , Crowell, E A , and Levin, A P , Federation Proc , 14, 231 (19oo) 

20 Jandorf, B J , Michel, H O , Schaffer, N K , Egan, R , and Summerson, E II, 

Discussions Faraday Soc , 20, 134 (1955) 

21 Well, L , James, S , and Buchert, A R , Aich Biochem and Biophys , 

(1953) 

22 Weil, L , and Seibles, T S , Arch Biochem and Biophys , 64, 368 (1955) 

23 Wood, H N , and Balls, A K , J Biol Chem , 213, 297 (1955) 

24 Gross, E M , and Egan, R , Federation Proc , 16, 265 (1956) 

25 Wagner-Jauregg, T , and Hackley, B E , Jr , J Am Chem Soc , 76, 2125 (Iflo3) 

26 Levy, A L , and Li, C H,J Biol Chem , 213, 487 (1955) 

27 Jandorf, B J , Wagner-Jauregg, T , O'Neill, J J , and Stolberg, M A, d Am 

Chem Soc , 74, 1521 (1952) 

28 Ashbolt, R F , and Rydon, H N , J Am Chem Soc , 74, 1865 (1952) 



STUDIES ON URIC ACID AND RELATED COMPOUNDS 
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Xanthine oxidase (XO) has been thoioughly studied by many investi- 
gators and the range of possible substrates of this enzyme is well knomi 
(1, 2) In the eaily expeiiments, enzymatic activity was measured by 
decoloiization of a suitable dyestuff such as methylene blue or by oxygen 
consumption Theiefore, the exact pathway of oxidation remamed un- 
knowTi for many substrates The spectrophotometric method of Kalckar 
(3, 4), which IS now being widely apphed to hypoxanthine and xanthine, 
IS much moie specific This method has been extended in the present 
and the following papers to identify the oxidation products of various 
puune derivatives unequivocally In this vay, the substrate specificity 
and other characteristic properties of xanthine oxidase have been detei- 
mined Our results enable us to draw certain conclusions about the mode 
of attachment of the substrate to the active centei of the enzyme and 
about the mechamsm of the dehydrogenation catalyzed by it We hai e 
also found that among all methylated uric acids, which aie formed aftei 
adinimstration of methylated xanthines to animals, only the 1-methyl 
derivative can be produced by direct action of XO Thus, all other sub- 
stituted uric acids must result from a different biochemical pathnai’^ 
This problem ivill be dealt with m Paper IV 

EXPERIMENTAL 

Materials — Purine was supphed by Di Aaron Bendich of the Sloan- 
Kettering Institute for Cancer Research The 2- and 8-hydioxypuriiies, 
and likewise the 2,8- and 6,8-dioxypurmes, were obtamed thiough the 
courtesy of Piofessor Adnan Albert of the Austrahan National University, 
Canberra Both 1- and 7-methylhypoxanthines were a gift from Dr Gei- 
trude B Elion of the Wellcome Research Laboratones, Tuckahoe, Nev 
York 3-Methylxanthme was given to us by Dr V Papesch of G D 
Searle and Company, Chicago, and the 7-methyl and 1 , / -dimethj 1 de- 
rivatives by Dr J J Fox of the Sloan-Kettenng Institute for Cancel 

Part of a thesis for the degree of Doctor of Phllosoph^ , submitted to the Facultj 
of Science, The Hebrew University, Jerusalem, 1957 
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Research 1-Methylxanthine was synthesized by us as reported pre 
viouslj'- (5) 

Enzymes — ]\dilk xanthine oxidase was a gift of Piofessor F Bergcl and 
Dr R C Braj'- of the Chester Beatty Institute of Cancer Research, London 
( 6 ) At pH 8 3, the prepaiation, when diluted 1 400, produced ] 0 7 
of uric acid per ml per minute when 10~‘’ M xanthine seived as substrate 
Human liver xanthine oxidase was puiified accoiding to the method of 
Kielley (7) Under the same conditions as before, a 1 20 dilution of this 
6023^6 produced 0 2 7 of unc acid per ml per minute 

Methods of Analysis 

Uric acid production was measured at 300 m/i, although the extinction 
IS only about 85 per cent of that at 290 m/i, where readings are usualh 


Table I 

Optical Density of Uric Acid {10~* m) As Function of pH 


pH 

Optical density at 

290 nift 

300 m/i 

5 5 

1 15 

0 75 

6 4 

1 165 1 

0 89 

7 1 

1 18 

0 99 

8 0 

1 20 

1 0 

9 0 

1 20 

1 0 

9 9 

i 1 20 

1 

1 0 


taken Xanthine at pH 8 0, m 10~^ m concentration, shoivs an optical 
density of 0 1 at 300 mp as against 0 42 at 290 mju An equimolai solution 
of uric acid possesses an extinction of 1 0 at 300 m^i and of 1 20 at 290 m 
Therefoie, enzymatic conversion of xanthine into uric acid at 300 nv 
reqmres a correction factor of 1 1 only and is thus much moie reliable 
In Table I we show the variation of optical density with pH These 
figuies have been used to calculate the amount of uric acid formed a 
pH 5 5 and 6 4 At the other pH values the optical density is constan 
2 , 8 -Dioxypurme was determined at 320 my As is evident from Fig j 
it is possible to identify this compound unequivocally m the 
8 -oxypurine and uric acid, which do not absoib at such a high wave eng ^ 
It IS more difficult to analyze a mixture of 2 -oxy- and 
because of the similarity of their absorption curves in the region e 
280 and 340 mu (Fig 1 ) In the experiments on the oxidation 0 
rine leadings were taken at 317 m^, the isosbestic point of tins su s 
mth 2 , 8 'dioxypurine, w'here formation of unc acid lowers t e 0 





F BERGMANN AND S DIKSTEIN 


767 


density consideiablj'^, and at 303 nip, where 2 , 8-diox3''punne and uiic 
acid possess an isosbestic point, hence any increase in optical density 
nieasuies then sum Thus the amount of 2 , 8-dio\ypurine and of uric 
acid, 01 of both, foimed fiom 2-o\ypuime can be determined quantitativety 
Oxidation of l-methjdxan thine was measured as uric acid, since the 
latter cannot be distinguished spectrophotometiically from its 1-methyl 
derivative at any pH Howevei, the natuie of the oxidation product 


optical 

density 



250 300 350 


Fig 1 Absorption spectra of various purine derivatives at pH 8 0 Concentra- 
tion used, 10~< m ®, 2-oxypurine, X, S-oxjTunne, A, 2,8 dio\ 3 purine, □, 6,8- 
dioxypurine, O, uric acid The isosbestic points used in this paper are 317 m/i, 
2o\ypurine and 2,8-dioxypurine, 303 2,8 dioxj^purine and uric acid, 295 

8 oxypurine and 2,8-dio\j'purine 

could be established unequivocally by paper chromatography (5) (see 
uiidei “Results”) 

Purine oxidation was followed up by measuring thiough the vhole 
spectral range between 270 and 320 mp 
Procedure — ^An appropriate dilution of the enz5’'me, 0 1 m phosphate 
buffer of pH 8 0 (^ e neai the pH optimum), and the substrate, lO-* m, 
vere mixed at room temperature (21°) at zero time in a quartz cell, and 
the optical density of the mixture i\as read in a Beckman iiltraiiolet spec- 
trophotonietei , connected to a photomultipliei , at suitable mter\ als 
Por substrates with x^ery lov activity, the obsen ation time had to be 
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extended ovei many houis In oidei to avoid bacterial infection, a drop 
of chloroform was added after we had found that this substance does not 
affect enzymatic activity 

For the determination of pH-activity curves the followng buffers nere 
used pH 5 5 to 6 6, 0 1 M acetate, pH 7 7 to 8 3, 0 1 m phosphate pH 
8 6 to 10 0, 0 025 M pyrophosphate 
In contiol experiments it w^as shown that the above concentration ol 
acetate does not produce measurable inhibition 


Uric acid 
formed 



Fig 2 Rate of oxidation of xanthine as function of tune for various dilutions of 
xanthine oxidase Substrate concentration, 10~* M The curves of this graph dem 
onstrate that the rate is linear only for the first 10 minutes ' 

The foimation of uric acid at vaiious enzyme dilutions is shoun in Fig - 
It IS apparent that after 10 mmutes the rate decreases, probably because 
of enzyme inactivation by H 2 O 2 (8) Therefore, all lates in this paper 
represent the values obtained by extiapolation to zero time 

Results 

Punne Derivatives As Substrates of MilL Xanthine Oxidase 

Dioxypunnes — ^We have confirmed theiesults of Coombs (1) 
tlime and 6,8-dio\ypunne leaet at about the same rate (Table II) ^ 

IS true ovei the whole pH lange studied (see belon) Houever, 
diovypuriue is oxidized at a much lowei late, indicating that a cerai 
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mutual relationsliip must exist for the enzymatic attack at positions 2 
and 8 in the puiine nucleus The reaction in the fiist Wo cases is hnear, 
until about 40 pei cent conversion, whereafter the rate decreases 
Monooxij'punnes — In this group, hypoxanilnne exceeds the othei Wo 
isomers by fai (Table II) The figures of Table II show that the first 
oxidation step of hypoxanthine must be slowei than the second one Since 
2 , 6 - and 6 , 8 -diox 3 '-purmes are converted into uric acid at the same rate, 
it remains open whethei the intermediate is exclusively xanthine, as is 
generally assumed, or whether 6 , 8 -dioxypurine may also be involved 

Table II 

Relative Rates of Oxidation of Purine Derivatives by Xanthine Oxidase 


Xanthine served as a reference compound Substrate concentration 10~* m 
Temperature 21°, pH = 80 The column “Oxidative pathway” indicates the order 
in which the oxidizable positions were attacked by the enzyme 


Substrate 

Product measured 

Otidative pathway 

Relative rate with 

Milk XO 

Liv er XO 

Xanthine 

Uric acid i 


1 

1 0 


1-Methyl\anthine 

l-Methylunc acid 


0 45 


6,8-Dioxypurme 

Uric acid 


1 0 

1 1 

Hypoxanthine 

Xanthine, uric acid (6,8- 
dioxypurine?) 

2,6 ->2,6,8 

0 7 


Punne 

Uric acid 

— > 6 — ^ 2,6 — ^ 
2,6,8 

0 2 

1 


2 Oxypunne 

2,8-Dioxypurine 

— ^ 2,8 2,6,8 

0 16 


8 Oxypunne 


— ^ 2,8 ^ 2,6,8 

0 015 


(( 

Uric acid 


0 002 

0 0005 

2,8-Dioxypurine 

i( <( 


0 002 

0 0005 


In order to decide this point, the experiment described m Table III was 
carried out at pH 5 5, at which the leaction rates are sufficiently low to 
permit detection of the intermediates spectrophotometncally Readings 
were then taken at the following wave lengths (see Fig 3) At 249 mp, 
the isosbestic point of hypoxanthine and 6 , 8 -dioxypurine, an}'’ decrease 
m optical density represents formation of xanthine or uric acid or both 
At 262 5 mp, the isosbestic point of hypoxanthine and xanthine, anj’’ in- 
crease m optical density is due to 6 , 8 -dioxypurine and any decrease to 
uric acid At 270 mp, the isosbestic point of uiic acid and hypoxanthine 
on the one hand and of xanthine and 6 ,S-dioxypuime on the other, any 
increase in optical density lepiesents the sum of the latter two derivatives 
At 300 mp mainly uric acid is measuied, since G, 8 -dioxj’'purine makes 
only a minor contiibution 
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Inspectloa of Table III shows the following (a) Hypo\antlune is cou 
tinuously being used up (6) A veiy slight initial rise appears at 262 5 
ma, while formation of uiic acid is still negligible This may be taUn 
as an indication that some 6,8-dio\ypurine appears duiing the ovidatiou 
of hypoxanthine However, the effect is too small to give coiiclusue 
evidence about this point (c) The readings at 270 lUfi show that, between 
the 2nd and 10th minute, xanthine concentiation leaehes a steadv state 
in nhich formation and degradation of this intermediate aie balanced 
(d) Uiic acid foimation lags behind foi the first few minutes and becomes 
appreciable after about 4 nnnutes These obseivations confirm that the 


Table III 


Iniermediates %n Oxidation of Hypoxanthine to Unc Acid 
Enzyme 1 200 , hypoxanthine 0 5 X 10“'' ai, 0 1 n acetate buffer of pH 5 5, tcropwa 
ture 21° 


Tune 

249 

262 5 mjz 

270 ui/i 

300 

hrs 

0 5 

0 55 

0 49 

0 36 

0 055 

1 3 

0 51 

0 50 

0 38 

0 06 

2 

0 48 

0 50 1 

0 42 

0 075 

3 

0 45 

0 49 

0 425 

0 09 

4 ! 

0 43 

0 48 

0 43 

0 16 

6 

0 40 

0 43 

0 43 

0 22 

10 

0 37 

0 37 

0 41 

0 32 

15 

0 36 

0 32 

0 38 

0 39 

20 

0 36 

0 30 

0 36 

0 40 

25 

[ 0 36 

0 30 

0 36 

0 40 


oxidation of hypoxanthine passes almost exclusively through xanthine 
as intermediate 

Oxidation of 8-oxypunne may give either 2,8- or 6,8-dioxypunne, either 
of which IS conveited into uiic acid Booth (2) concluded from kmetic 
measurements that the 2,8 isomei must be the mtermediate The spec 
tiophotometnc method permits us to establish this point beyond doubt 
At 320 mp, 8-oxypurine, 6,8-dioxypurme, and uric acid do not show ah 
soiptioii Theiefoie, any increase m optical density at this ivave lengti 
measures exclusively 2,8-dioxypurme Simultaneously, at 295 in;i (t c 
isosbestic pomt of 8-oxy- and 2,8-dioxypurmes) the formation o uric 
acid can be followed (6,8-dioxypurme showing only neak absoiptio'j ^ 
this wave length) (see Fig 1) Only very small amounts of the a cr 
aie formed during the usual obseivation time (1 hour), the late or cor^ 
version of 8-o\ypurme into mic acid being only one-fifth of t la or 
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reaction 8-o\ypuuiie -> 2 , 8-dioxypurine On the other hand, the rate 
for the oxidation of 6,8-dioxypuiine is about 500 times fastei than that 
of the 2,8 isomei, hence measuiable quantities of uiic acid should appear 
in the eaily pait of the reaction, if the alternative pathway 8-oxypurme ^ 


OpllCQl 

density 



Fig 3 Absorption spectra of various purine derivatives at pH 5 5 Concentra- 
tion used, 10“^ M ©, hj^oxanthine, O, xanthine, X, 6,8-dio\3'purine, •, unc acid 
The isosbestic points used in this paper are 249 ni;j, hj'poxanthine and 6,8-dio\j'pu- 
nne, 262 5 mu, hypoxanthine and xanthine, 270 ni/j, hj'poxanthine and uric acid, xan- 
thine and 6,8-dioxj'punne 

6,8-dioxypurine weie quantitatively important The mam route of oxi- 
dation IS thus the one indicated by Booth 

8-Oxj'purine — » 2,8-dioxypurine — » uric acid 

The rate of oxidation of 2-oxypunne into 2,8-dio\ypuime is 30 times 
fastei than conversion of the latter into uiic acid (see Table II) At 
317 nip, no change in optical density x\as observed duiiiig the first | houi, 
indicating that the sum of 2-o\y- plus 2,8'dio\ypuiine lemamed constant 
Therefore, the intermediate accumulates, vithout any measurable quan- 
tities of uric acid, during the first J hour, and thus permits unequivocal 
analysis of the enzymatic pathway as follovs 

2-Oxj'purme ^ 2,8-dioxj'punne unc acid 

The alternative loute via 2,6-dio\3'puime is defimtelj excluded The 
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experiments on monooxypunnes agam demonstrate the mutual relationship 
between caibons 2 and 8 in the purme skeleton Previous oxidation at 
either position directs fuither oxidative attack to the other partner of 
this pair, excluding carbon 6 

Purine — ^This substrate is converted mto uric acid at about one-third 
the speed of hypoxanthme (Table II) If 2- or 8-o\ypmme would partici 
pate m the first oxidation step, 2,8-dioxypurme should accumulate (as 
shown under “Monooxypunnes”) No trace of a substance absorbing 


optical 

density 



X(m^ 

Fig 4 Enzymatic oxidation of purme into uric acid ©, initial absorption spec 
trum of purine, •, absorption spectrum after enzymatic digestion for 45 minutes 
Substrate concentration, 1 75 X 10~'‘ m, pH 8 0, enzyme dilution 1 20 Each cune 
represents the spectrum measured against enzyme and buffer, without substrate, as 
blank 

at 320 mu was, however, found In Fig 4, an experiment is shown m 
which a concentrated enzyme solution (1 20) produced about 95 per cent 
conversion during 45 minutes The final spectrum of the reaction mixture, 
obtained after subtracting the “blank” value of the control, containing 
enzyme without substrate, mdicates pure uric acid These observations 
estabhsh the oxidative pathw^ay as follows 

Purme — > hypoxanthme — > xanthine —* uric acid 

Methylated Purine Derivatives — ^Like 7 -methylhypoxanthine (2) 
1-methyl derivative also was found to be inactive to test 

The successful synthesis of 1 -methylxanthme (5) enab e 
this substrate It is oxidized by milk xanthine oxidase at one 
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rate of the mother substance Since unc acid and its 1 -methyl deiivative 
cannot be distmgmshed spectiophotometncally, identification of the 
oxidation product as 1 -methylunc acid was accomplished by paper chro- 
matography (5) A mixture of 1-raethylxanthine (0 1 ml = 100 y), 
phosphate buffer (0 1 ml ), undiluted XO (0 1 ml ), and a drop of chloro- 
form was incubated at 34° for 24 hours and 0 06 ml (20 7 ) was spotted 
on papei, together xiuth uric acid, 1 -methyluric acid, and 1 -methylxanthme 
foi comparison The descending chiomatogiam was developed vuth a 



Fig 5 Descending paper chromatogram of the oxidation product of 1 -methyl- 
xanthine by milk xanthine oxidase Enzjnne dilution 1 3 , substrate 20 7 per ml , pH 
8 0 Solvent used for development, ethanol-water-acetic acid (85 10 5) The spots 
were made visible by the mercury-diphenylcarbazone method, described pre- 
viously (5) The following Rf values were obtained 1 -methylxanthine (1 — X), 
-0 58, 1-methyluric acid (1 - U), -0 38, uric acid (U), -0 2, enzjmatic exudation 
product of 1 - X, -0 38 

mixture of ethanol-xvater-acetic acid (85 10 5 xmlumes) The result, 
given in Fig 5, identifies the leaction product unequivocally 
None of the othei mono-, di-, and trimethylxanthines vas attacked by 
purified xanthine oxidase, as obseived already by prenous investigators 
(1,9) 


Substrate Specificity of Human Livei Xanthine Oxidase 

In view of the interest in the human metabolism of substituted xanthines, 
it appealed necessary to establish the specificity of the xanthine oxidase 
of human oigans As a lepiesentatwe example, the hx’'ei enzyme, vhich 
has been studied pieviously by Richert and Westerfeld (10), i\as purified 
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and tested The results were in aU respects analogous to those obtained 
mth the enzyme from cow’s milk (see Table II) 


Amount formed 
(Mg/mU 



pH 

Fig 6 Rate of oxidation of various substrates by xanthine oxidase as function 
of pH All points in this graph are calculated for an enzyme dilution of 1 400 Hoir 
ever, the actual experiments with purine were earned out with XO 1 80 and thoao 
with 2-oxypurine with XO 1 40 Substrate concentration 10“* M •, xanthiDD, 0, 
6,8-dioxypurine,©, purine For these three substrates the ordinate represents uric 
acid formed (microgram per ml ) □, 2-oxypunne, ordinate, 2,8 dioxipunne 

formed 


Table IV 

pH Variation of Enzymatic Rates 


Substance 

pK 

Ionization 
at pH 8 3 

Reference 

1 

Purine 

8 9 

per cent 
' 20 

Albert and Brown (12) 

2-Oxypurine 

' 8 5 

40 

It II “ (12) 

6,8-Dioxypurine 

8 0 

66 

Present authors, unpublished 

Xanthine 

7 7 

80 

It (13) 


Because of the low activity of our punfied preparation, rate 
less than 0 1 are less reliable than those obtained with the milk enzjnie 
It IS of mterest that 1-methylxanthme is oxidized as fast as xanthine itsc 


Influence of pH Changes on Activity of Milk Xanthine Oxidase 

Since the most active substrates of XO differ in their pK 
possibihty has to be considered that their different rates mig 





F BERGRIANN AND S DIKSTEIN 


775 


at least in pait, fiom the diffeient ratios of anions to uncharged molecules 
at a given pH If this should be the case, the pH-activity curves should 
give infoimation as to which foim has the greatei affinity to the enzyme 
and thus should shed light on the mechamsm of the leaction The results 
obtained with some substiates of sufficiently high activity (Fig 6) demon- 
strate that the positions of the pH maxima oi the slopes of the curves are 
very similar and agiee with the results of Krebs and Norris (11) The 
curves in Fig 6 cannot be extended beyond pH 10 5, since we have found 
that the enzyme undergoes irreversible destruction at about pH 11 0 
These observations have to be considered in the light of the fact that 
pK values and thus degree of dissociation at optimal pH differ considerably 
(Table I'\0 It can be concluded that the pH variation of enzymatic 
rates reflects essentially changes taking place m the active surface 


DISCUSSION 


The present experiments estabhsh the mam oxidative pathways in the 
purme senes unequivocally and demonstrate that the rate and direction 
of oxidative attack depend on the position of oxygen introduced previousl}’’ 
The first attack m purine itself is at carbon 6 With hypoxanthme, the 
next step is directed towards carbon 2 But positions 2 and 8 form a 
closely related pair, hence oxidation at one of these carbons leads always 
to attack at the other partner in the next step 

All purine derivatives, tested m this investigation, can be divided into 
three groups with respect to their activity against mammalian xanthine 
oxidase (1) Substrates with a late of oxidation comparable to xanthine are 
1-methylxanthine, 6 , 8-dioxypurine, hypoxanthme, and purme (2) Sub- 
strates which are attacked at about one-tenth to one-ten thousandth the rate of 
xanthine are 2- and 8-oxypunnes and 2,8-dioxypurine (3) Purine de- 
rivatives which are not attacked at a measurable rate are 1- and 7-methyl- 
hypoxanthines, 3-, 7-, and 9-methylxanthines, and xanthosine, all di- 
methylated xanthines, and caffeine 

Our results enable us to draw certain conclusions about the w ay in w hich 
a substrate attaches itself to the active center and about the mechamsm 
of dehydrogenation by xanthine oxidase We shall start this discussion 
by comparmg purine oxidation with the conversion of aldehydes into acids, 
a reaction brought about by a very similar enzyme Here the following 
scheme apphes 


H 

I 

RC=0 


+H,0 , 


H OH 


1 / 

RC 


-2H 
> 


0 

/ 

RC 


OH 


OH 


hi accordance, w^e may formulate the conversion of purine into h 3 'poxan- 
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Diagram 1 Formation of lactim of hypoxanthme 


thine as shown m the accompanying scheme (Diagram 1) The C=N 
bond in the heteiocyclic nucleus behaves like the carbonyl group of ana! 
dehyde Dehydrogenation at position 6,1 directs further attack to tk 
adjacent double bond 2,3, where again hydration and dehydrogenation 



Diagram 2 Formation of 8-lactim of unc acid 
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take place Tins reaction is prevented, when either N-1 or N-7 is meth- 
ylated Thus we may conclude that the enzyme attaches itself not only 
to position 2,3 in hypoxan thine, but simultaneously to IST-l and N-7 A 
multiple point attacliment of xanthine oxidase to its substrates is indicated 
On the other hand, oxidation of xanthine is prevented by substitution 
at N3, N-7, or N-9, but pioceeds normally vnth the N-l-methyl derivatn^e 
We conclude that the mode of attachment changes from hypoxanthme, 
m which N-1, N-3, and N-7 aie involved, to xanthine, in w'hich N-3, N-7, 
and N-9 must be free for combination vnth the enzyme This change 



Diagram 3 Formation of 2-factim of uric acid 


makes it probable that dehydrogenation of xanthine proceeds as indicated 
m Diagram 2 According to the scheme, the decisive step is dehydrogena- 
tion of the grouping HN(3)— C(4)=C{5)— N(7)H to the corresponding 
diemc system, v hich is analogous to the reactive portion m the molecule 
of nboflaiun in the prosthetic group of xanthine oxidase It becomes ap- 
parent at once that oxidation of 6,8-diox'ypurme is m complete harmony 
"ith this \new, the accompanying steps (Diagram 3) being involved In 
the same vay, the mutual relationship between 2- and S-oxj'^purmes, which 
^ii'c both converted into 2 , 8-dioxypunne, is easily explained It should be 
'^oted that a similar mechanism may also apply to the oxidation of ly- 
Poxanthine or purine, e.g , the hydrated form of hypoxanthme maj undergo 
dehydrogenation at N-3 and N-7 to give the intermediate (Diagram 4), 
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2 A peculiar relationship between position 2 and 8 in the purme nn 
has been found Oxidation at either position directs further attack to 
the other partner of this pair 

3 Xanthine oxidases from cow’s milk or human liver shov identical 
substrate specificity Among all substituted xanthines only the l-meth}l 
derivative is attacked by the enz 3 ane and conveited into 1-methylunc acid 

4 A hypothesis is advanced foi multiple point attachment of purinca 
to xanthine oxidase and foi the mechamsm of dehydrogenation 
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THE LOW TEMPERATURE SPECTRA OF HEMOPROTEINS* 

I APPARATUS AND ITS APPLICATION TO A STUDY OF 
CYTOCHROME c 
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(Received for publication, May 24, 1956) 

The application of low tempeiature spectroscopy to biological problems 
has included the study of porphyrins (1, 21, chlorophyll (3-6), ammo acids 
(7, 8), nucleotides (9), and hemoprotems (10) The changes described 
in the absorption spectra of pigments cooled to —190° include (a) a pio- 
nounced sharpening of some of the absorption bands, (6) a shift of the 
absorption maxima, (c) a splitting of some of the absorption bands, and 
{d) an mtensification of these bands 

The studies on the spectral properties of poiphyrms, chlorophyll, ammo 
acids, and nucleotides have been carried out with organic solvents which 
vitrify to glass-hke solids on coohng Such solvents give clear sohds 
which can be mvestigated spectrophotometrically (2, 6) The use of 
organic solvents with hemoprotems, however, is impractical because of 
the low solubility and possible denatuiation of the piotem Keilm and 
Hartree (10) therefore devised a spectroscopic method, with glycerol as 
solvent, which permitted them to investigate the effect of low temperature 
upon the visible absorption bands of hemoprotems They recognized 
that devitrification of mixtures contaming such a solvent (glycerol) m 
the proper concentration resulted m the development of a turbid micro- 
crystalhne state which caused a marked mtensification of the absorption 
bands (11) The visual spectroscopic studies bj'^ Keilm and Hartree 
showed the advantages of low tempeiature spectroscopy for distmguish- 
uvg cytochrome pigments with nearly identical absorption maxima 
Indeed, then systematic study of a variety of biological materials revealed 
the presence of a previously undiscovered hemopiotem, which they have 
called cytochrome Ci oi e (10, 12) 

This paper describes a technique for lecoiding spectrophotometrically^ 
the absorption bands of samples of hemoprotems cooled m liquid air to 
— 190° The method described combines that employed liy Keilm and 

* Thisworkvias supported in part bv a grant from the United States Public Health 
Service 

A preliminary report of this u ork has been published {Bwchim cl biophys acta, 19, 
184 (1956)) 
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Hartree (10) for their visual study and the spectrophotometric method^ 
described by others (2, 6) for the study of chloiophjdl and porplnrms" 
The present procedure has the advantage of plotting automatically the ab 
sorption spectra of turbid suspensions of hemoprotems cooled to lo\\ tem 
peratures This is accomplished by the use of the sensitive vaie length 
scanning spectrophotometer developed by Chance and his cow orkers (13- 
16) The results are presented for reduced cytochrome c The low tem 
perature spectia of cytochrome c piepared from heait muscle, yeast, and 
Rhodospinllum ruhrum are compared 

Apparatus 

Initial attempts at recording spectra of precooled samples of hemo 
proteins with the conventional cuvette holder of the spectiophotometer 
gave unsatisfactory results These prehminary studies show'ed that it 
would be necessary to devise an adapter which could contain liquid air 
The adapter, shoum in Fig 1 noth the photomultiplier attached, coini' 
of a light-tight box containmg a 450 ml unsilvered Dew'ar flask and a 
movable cuvette holder Similar adapters have been constructed h\ 
others (2, 6) and used until Beckman model DU spectrophotometers and 
Cary recording spectrophotometers for the study of porphyrins and chlo- 
rophylls The use of such an adapter was found necessary to mamtain 
the temperature of the sample, to prevent the formation of frost on the 
surfaces of the cuvettes, and to ehmmate fog, which results if the cold 
cuvettes are brought in contact with the moisture in air at room temperature 

The adapter is attached to a Bausch and Lomb diffraction-gratmg 
monochromator in place of the standard cuvette holder The beam of 
mcident hght from the monochromator passes through the Dewrar flask 
and cuvettes to a Dumont K1234 end-on photomultiplier and is deflected 
by a 30 c p s oscillating mirror so that it passes alternately through one 
cuvette and then the other The per cent transmission was converie 
mto optical density by a logarithmic network (15), and the difference in 
optical density between the sample and the reference cuvette wms plotto 
automatically as a function of Avave length on a Leeds and Northmp 
Speedomax recordei The magnitude of the absorption bands ma) 
determmed from the “optical density oi absorbancy increment 
The optical density or absoibancy increment is equal to log L/h ” 
cuvette of a given optical depth, where I, is the intensity of the light tram 
mitted through the sample and h is the intensity of the light transmi 
through the reference cuvette , rj-jjg 

Fig 2 illustrates m detail the holdei and cuvettes that w ere use 
cuvettes Avere constructed of sheet Plexiglas with a horizontal 
m the shape of the letter H wnth an optical depth (path lengt ij o 
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The design of the cuvettes and the holder allowed for rapid and uniform 
cooling of small amounts (0 5 ml ) of material When placed m the mov- 


adjustment 


screw 


adjustable (sliding) 
cuvette holder 


split light beam 
from 
30cps 
oscillating mirror 

air 



light ratio detector 


unsilvered 
Dewar flask 


liquid oir 


Fig 1 Schematic drawing of adapter used in obtaining spectra of samples cooled 
to low temperatures Monochromatic light is split into two beams b} a 30 c p s os- 
cillating mirror The split beams of incident light pass through the unsilvered Dewar 
flask to the sample and reference cuvettes Transmitted light passing out of 
the Dewar flask activates the photomultiplier located in the light ratio detector The 
cuvettes are placed in a cuvette holder attached to a sliding rod so that the cuvettes 
may be raised or lowered as desired A Bakelite lid for the adapter is not shown 


able holder, two cuvettes, one containing the sample to be anah^/ed and 
fbe other an appropriate blank, could be plunged into liquid air, raised 
and aligned m the light beam for recoiding the spectrum, oi remot ed from 
the Dew'ar flask 
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Since the sample is not immersed m the liquid air during the recording 
of a spectrum, it was necessary’' to determme the change in temperature 
of the contents of the cold cuvettes with time, when these cuvettes were 
placed 2 to 3 cm above the level of liqmd air Measurements of tempera 
ture uere made with an iion-constantan thermocouple immersed m the 



Fig 2 A detailed draivmg of cuvette and holder The cuvettes are coiistnicle 
of sheet Plexiglas and have a 1 mm optical depth The beams of incident light ( ) 
from the monochromator pass alternately through the contents of the cold cuvette 
to give the transmitted light beams (B) One cuvette has been omitted to show t c 
construction of the holder 

contents of the cuvette The change m temperature durmg a typical 
recordmg of 30 to 40 seconds duration (Fig 3) would be from -189 o 
about —175° 


Materials 

Cytochrome c of heait muscle uas purchased from the Sigma 
Company and purified on Amberhte IRC-50 ion exchange resm ) 
method of Margoliash (17) Yeast cytochrome c was prepared as esc 
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eleswhere/ and cytochiome ca was prepared^ from R ruhrum by a modi- 
fication of the method of Vernon and Kamen (18) 

EXPERIMENTAL 

Sharpem7ig and Sphiting of Absorption Bands of Cytochrome c — ^Punfied 
cytochrome c of heart muscle was diluted with 01 m phosphate buffer, pH 
7 4, and sodium dithiomte was added as a reducmg agent The solution 
of reduced cytochrome c was then diluted with an equal volume of glycerol 



Pig 3 The change in temperature of the sample after cooling in liquid air Meas- 
urements of temperature were made with an iron-constantan thermocouple inserted 
into the contents of a cuvette The cuvette contained a mixture of 50 per cent glj c- 
erol 50 per cent 0 1 m phosphate buffer, pH 7 4 The cuvette vith the thermocouple 
inserted was cooled in liquid air {A) and then raised 2 to 3 cm above the level of liquid 
air (B) into the light beams 

and the spectrum was recorded at room temperature, a mixture of equal 
volumes of glycerol and phosphate buffer being used m the reference cu- 
vette The spectrum obtamed (Fig 4) shows the expected maxima for 
the absorption bands of reduced cytochrome c at 550, 520, and 415 mp 
The maximum at 550 m/x of reduced cytochrome c has been taken as the 
reference (a calibration point) for all subsequent wave length determi- 
nations 

When hqmd air is placed in the Dewar flask and the contents of the 
cuvettes are rapidly cooled to -189°, the glycerol mixtures vitrify to a 
glass-hke state (Condition I), but many cracks develop vhen the mixtures 

' Estabrook, R W , manuscript in preparation 

* Prepared by Dr Lucile Smith of this laboratory 



786 


HEMOPROTEINS I 


are cooled in such a mannei The spectrum of the sample cooled in liquid 
air (Condition I) shons a shaipenmg of the Ausible absorption bands willi 
a slight displacement of the maxima to shoiter wave lengths as veil as i 
splitting of the a- and /3-bands The intensification of the a- and /3-bandv 
observed here may be due in part to contraction of the solvent during the 
rapid cooling m liquid an The a-band, which at room temperature ap 

1 



A(rn>J ) 

Fig 4 Comparison of the spectrum of reduced cytochrome c at room temperature 
and at —189° The dashed curve represents the spectrum of the sample at room cm 
perature, the solid curve is the spectrum of the sample after cooling in liqui an ( o 
dition I) The sample cuvette contained a mixture of 0 2 ml of 2X10 ™ , 

c, 0 3 ml of 0 1 M phosphate buffer, pH 7 4, a few crystals of sodium dit 
0 5 ml of glycerol The reference cuvette contained a mixture of 50 P®*" ® ^ 

and 50 per cent 0 1 M phosphate buffer, pH 7 4 The effective band vi t was 
the optical depth of the cuvette was 1 mm 

peais as a single absoiption band with a maximum at 550 m/i, 

into three bands with maxima at about 549, 546, and 538 m/i 

mal jS-band is split into a variety of bands at low 

major bands m the /3 region have maxima at about 525, 51 

with indications of bands at about 529, 515, 512, and 503 mp , »( 

at low tempeiatures has a maximum at about 414 mp wi a s 

about 432 mp In subsequent discussions, the bands o 

chrome c of heart muscle, which at low temperatures have 

549, 546, and 538 mp, •will be designated Ca„ c„„ and Ca„ lesp 
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Intensification of Ahsoi ption Bands — When the cold cuvettes weie lenioved 
from the Dewai flask, the two changes descubed by Keihn and Hartiee 
(10, 11) weie obseived as the tempeiatuie of the sample and the blank 
was allowed to rise In leflected light, at about -75°, a faint opalescence 
could be seen to pass donn thiough the contents of both cuvettes The 
same change obseived in transmitted light was seen as a coloration similai 
tosunglow The second phenomenon occui led at —55°, wheiethe contents 
of both cuvettes weie obseived to become much more tuibid When 



Fig 5 Absorption spectra of reduced c 3 'tochrome c The dotted curve repre- 
sents the spectrum obtained when the sample is at room temperature, the solid curve 
IS at liquid air temperatures (Condition II) The sample cuvette contained 0 1 ml 
of 2 X 10“^ jM cjTochrome c, 0 4 ml of 0 1 m phosphate buffer, pH 7 4, a feu crj^stals 
of sodium dithiomte, and 0 5 ml of glycerol The reference cuvette uas as described 
for Fig 4 The effective band width, 0 5 m/j, optical depth of cuvettes, 1 mm 

the turbidity appeared to be unifoim throughout the contents of the cu- 
vettes, they were again placed in liquid air and cooled to —189° This 
state IS called Condition II The turbidity “formed,” as described above, 
has been attributed by Keilin and Hartiee (11, 19) to the foimation of 
microciystals duimg devitriflcatioii This turbidity lemams if the samples 
are again cooled m liquid an Although the diffeience spectrum of these 
turbid mixtures (Fig 5) shows that the position of the bands is the same 
as those described above for the sample in Condition I, a piononiiced 
lutcnsification by the a- and /3-bands was obtained The spectrum of the 
same sample, as obtained ivhen it was at loom temperature, is included iii 
5 for compaiison with the low' tempeiatuie spectium 
The low tempeiatuie spectium obtained when c\tochrome c of heart 
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muscle IS reduced enzymatically by the succmoMdase system f , 
muscle preparation shows maxima identical with that f 

the cytochrome c, prior to reduction by dithfonite thhf i 

the band at 546 m;i (10) aitnionite, obliterates irrevembli 



The spectrum recorded when the material is in Condition II (turbid 
state) IS the spectrum of the contents of the sample cuvette minus thaf 
0 t e reference cuvette (the total optical density when measured versus 
air IS a out 1 25) Since the spectra presented are corrected for a reference 
o about equal turbidity, any quantitative measure of the pigment con 
centration must be expressed in terms of optical density differences betneen 
an absorption band maximum and a corresponding minimum For c}io 
chrome c, the optical density (0 D ) difference between the a maximuni 
and the minimum at about 540 mju vnll be termed AODmax-mm 
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latio foi the AOZ) max— min may be used as a measme of the intensification 
of the a-band when the room temperature and Condition II spectra are 
compared Foi the spectra m Fig 5, this latio is about 4 and depends 
upon the concentrations of reduced cytochrome c employed The relation- 
ship between the hemoprotein concentration, however, and the AOZ)n,ax-m.n 
(Fig 6) was not Imear The mtensification of the a-band appears greater 
for more dilute solutions of the reduced pigment An exammation of 
the Soret band of reduced cytochiome c (Fig 5) shows that there is only 
a small mtensification of this absorption band The mtensification of 
the a-band of reduced cytochrome c, which is bound to particulate ma- 
terial, IS, however, greatei ^ 

The tuibidity which occurs when the sample is devitrified appears only 
when the mnxture contams about 50 per cent glycerol If less than 45 
pel cent or more than 55 pei cent glycerol is present, the sample simplj^ 
melts upon warmmg and the tuibid state is never achieved The presence 
of small amounts of alcohol or high salt concentrations also prevents the 
formation of the tuibidity chaiactenstic of Condition II 

Displacement of Absorption Bands — ^The above results for the shaipenmg, 
sphttmg, and mtensification of the absorption bands agree well with the 
visual observations of Keilin and Hartree (10) Our measurements of 
the displacement of absorption maxima at low temperatures do not agree, 
however, with those reported by Keilm and Hartiee They have stated 
that, “when a solution of reduced cytochrome c is cooled to the temper atuie 
of liquid air, its absorption bands are mtensified about six times and shifted 
by about 10 mp toward the blue ” Fig 7 compares the a- and j0-bands of 
reduced cytochiome c at both room and low temperatures, and shows 
that the displacement of the absorption maximum is only about 1 to 
1 5 mp A partial explanation for this discrepancy is offered by Hartiee 
(11), who mdicates that a 6 to 10 mp band shift occurs when solutions 
of hematm derivatives are cooled m hquid air, but that “freezing of the 
solvent may lead to aggregation and to a superimposed shift, of the same 
order of magmtude, m the opposite direction ” Recorded spectra of 
samples of reduced cytochrome c, cooled m phosphate buffer without 
glycerol, 01 to Conditions I or II as described above, show" that the c„, 
band of cytochrome c always has a maximum at about 548 to 549 mp 
The cause of this discrepancy will lequiie fuither study in order to detei- 
iiune the variance between the lesults of visual observations and the spec- 

trophotometric method 

Spectrum of Samples Cooled to -72°—The formation of the microcrjs- 
talhne turbid state (Condition II) may also be achieved m another wa^ 
h a sample of reduced cytochiome c, suspended in 50 per cent ghcerol 

’Estabrook, R W , and Mackler, B , manuscript in preparation 
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IS cooled to —72° m an alcohol-dry ice mixture, a similar turbidity is slowK 
formed (Condition III) Fig 8 shows the spectrum of a sample treated 



490 520 550 

X (m;j ) 

Fig 7 



Fig 8 


Fig 7 The displacement of absorption bands at low temperatures The doll 
curve represents the spectrum of reduced cytochrome c at room temperature, t 5 
solid curve is the spectrum of the same sample cooled in liquid air (Condition ) 
The optical density increment was 0 02 and 0 10, respectively The samp ® 
contained a mixture of 0 1 ml of 2 X 10-" m cytochrome c, 0 4 1 ^ of 0 1 it Jsp 
buffer, pH 7 4, a few crystals of sodium dithiomte, and 0 5 ml of glycerol 
ence cuvette contained a mixture of 50 per cent gljcerol and 50 per cent 0 P 
phate buffer, pH 7 4 The effective band width was 0 6 mu, the optical dept 

cuvette was 1 mm , , and 

Fig 8 Comparison of the spectra of reduced cytochrome c coo 
-189° The top curve represents the spectrum obtained when the sanm 
cytochrome c was cooled in liquid air (Condition II), ® ® ° mi\lurc (Condi 

spectrum of the same sample cooled to -72° in an alcohol-dry , ggoiyUon 
tion III) The sample cuvette contained a mixture of 0 1 ml of cy 
of 2 X 10-" M, 0 4 ml of 0 1 M phosphate buffer, pH 7 4, a few crys ^ 

omte, and 0 5 ml of glycerol The reference cuvette band mdtb 

cent glycerol and 50 per cent 0 1 m phosphate buffer, pH 7 
was 0 6 m/i, the optical depth of the cuvette was 1 mm 

in this mannei, as ivell as the same sample after reduced 

air to Condition II The light absoiption by the ® 3 , ,n(h 

hemoprotem cooled to -72° is increased to about the sa d g 
the treatment in liquid air However, the shaipenmg 
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Fig 9 A comparison of the low temperature spectra of reduced cytochrome c 
prepared from yeast and heart muscle Curve A, the low temperature spectrum of 
reduced cytochrome c prepared from j east The sample cuvette contained a mixture 
of 0 2 ml of yeast cytochrome c, 0 3 ml of 0 1 m phosphate buffer of pH 7 4, a fen crj s- 
tals of Na'>S 204 , and 0 5 ml of glj cerol Curve B, the Ion temperature spectrum of 
reduced cytochrome c from heart muscle The sample cuvette contained a mixture 
of 0 1 ml of 1 5 X 10-< M cj tochrome c, 0 4 ml of 0 1 m phosphate buffer of pH 7 4, a 
few crystals of Na2S204, and 0 5 ml of glycerol The reference cuvette contained a 
mixture of equal volumes of glycerol and 0 1 m phosphate buffer of pH 7 4 The op- 
tical density increment n as 0 10 for both samples Optical depth of cuvettes, 1 mm , 
effective hand width, 0 5 mfi, Condition II, temperature, —190 
Pig 10 A comparison of the low temperature spectra of reduced heart muscle 
cytochrome c and cy^tochrome C 2 from R ruhrum Curve A, the sample cui ette con 
tamed a mixture of 0 4 ml of cytochrome c., 0 1 ml of 0 5 m phosphate buffer of pH ' “I. 
a few crystals of Na.S.O^, and 0 5 ml of glycerol Optical density increment 0 04 
Curve B, the sample cuvette contained 0 1 ml of 1 6 X IQ-^ m heart muscle cy tochrome 
c,0 4 ml of 0 1 M phosphate buffer of pH 7 4, a fen crystals of ^a S O 4 , and 0 5 ml of 
gb cerol Optical density increment, 0 10 The reference cui ette for both samples 
contained a mixture of equal volume of gly cerol and 0 1 m phosphate buffer of pH i 
Optical depth of cuvettes 1 mm , effective band nidth, 0 6 mp. Condition II, tempera- 
ture, -190” 
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the bands are not pronounced at -72° This illustrates that the intens! 
fication of the absorption bands can be obtamed at a relativelj higher 
temperature than that needed to show the sharpenmg and fine structure 
of the bands 

Cytochrome c Other Sources — Experiments weie earned out to 
determme whether, when examined at low temperatures, similar pigments 
prepared from yeast or R ruhrum showed the same type of fine hne stnic' 
tuie as did reduced cytochrome c of heart muscle 


Table I 

Location of a- and ^-Band Maxima of Reduced Cytochrome c Cooled 
to Liquid Air Temperatures 


Band 

Source o{ cytochiome 

Heart muscle 

Yeast 

R ruhrun 

a 

548 6 

546 6 

548 8 


545 9 

536 6 

538 4 


537 7 



/3 

528 5 

526 2 

527 3 


525 4 

518 5 

520 0 


518 5 

512 3 

513 8 


514 7 

510 4 

509 2 


511 6 

i 507 0 



507 8 




503 1 




All wave length determinations are based on the maximum of the a-band of rc 
duced cytochrome c of heart muscle, which at room temperature is located at 
550 0 m /1 (12) The effective band width employed was 0 5 to 0 6 m/i 


Cytochrome c, when prepared from yeast, has a spectium at room tem 
perature which cannot be distinguished from heart muscle cytochrome 
c When the i educed cytochrome c from yeast is treated in liquid air, 
the a-band does not split (Fig 9) m the maiinei described above for cyto 
chrome c of heart muscle The bands c„, and Ca_ are absent, and onij an 
a-band with a maximum at about 547 mp can be observed A band sum 
lai to Ca, and the multitude of /3-bands are appaieiit m the yeast 
tion Similai spectra are obtamed if the yeast cytochrome c is re uc 
chemically by sodium dithionite or enzymatically by yeast lactic ( e J 
drogenase (cytochrome b 2 ) 

Cytochrome C 2 , prepared from R t uhrum, when investigate a 
temperatures showed a spectrum similar to but not identical lU 
cytochrome c The spectrum of reduced cytochiome C 2 (Fig 
the presence of an a-band at 549 mp apparently identical to t e Ca, 
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of reduced cytochrome c of heart muscle The absence of any Ca, band, 
but the appearance of a band similar to c„„ can be observed 
All three cytochromes descubed have a multitude of |8-bands at low 
temperatuies The estimated locations of the a- and )3-bands of the three 
types of cytochromes are summarized in Table I 
The c„j band at 546 mu of c3dochrome c of heart muscle is of greatest 
interest, for this band cannot be seen m the spectrum of the other types 
of cytochrome c When the cytochromes of a heart muscle homogenate 
were reduced enzymatically by sodium succinate, bands similar to Ca^ and 
c„, vere observed ® It therefore appears that the c„2 band is not due to an 
artifact which occurs during the rather drastic conditions necessary to pre- 
pare soluble cytochrome c of heart muscle 
These results indicate that the splitting of the a-band of reduced cyto- 
chrome c of heart muscle into the two bands, Cay and c„j, may be due to 
two different pigments Previous studies on the hemin of heart muscle 
cvtochrome c (20) have shown that at least two hemms can be obtamed 
from this pigment This result, considered together with the data re- 
ported here, strengthens the supposition that preparations of “purified” 
heart muscle cytochrome c may consist of a mixture of hemoproteins 
Further chemical studies on the hemins of the yeast and R rubrum cyto- 
chrome c, as well as measurements on the comparative enzymatic activities 
of the pigments, will be necessary before this postulate can be confirmed 
Other work on the low temperature spectral properties of a variety of 
biological pigments will be reported in the neai future It is hoped that 
the above data presented foi cytochrome c may aid in mterpreting the 
biological function of this oxidation-reduction catalyst 

The author is grateful to Dr Britton Chance and his colleagues foi 
advice and assistance durmg the course of this work The cooperation 
of Mr Patnck Taylor m measurmg the changes in temperature and Mr 
V Legallais for the design and construction of the adapter used u ith the 
spectrophotometer is appreciated 

SUMMARY 

A method is described for recordmg spectrophotometricall}'’ the absorp- 
tion bands of samples of hemoproteins cooled m liquid air The application 
of the technique to a study of the spectral properties of reduced C3’'tochrome 
cfrom heart muscle, yeast, and Rhodospmllum rubrum has been summarized 
The results demonstrate the sharpenmg, splitting, and intensification of 
some of the absorption bands of the reduced hemoproteins The usefulness 
of the method for recognizmg spectral differences of hemoproteins, vliich 
O’! room temperature have similar absorption bands, is shown bj’’ a com- 
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panson of the a- and ,8-bands of the reduced cytochromes prepared from 
the three different souices 
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STUDIES OF METABOLIC TURNO\rER WITH 
TRITIUM AS A TRACER 

V THE PREDOMINANTLY NON-DYNAMIC STATE OF BODY 
CONSTITUENTS IN THE RAT’= 

Br ROY C THOMPSON and JOHN E BALLOU 

{From the Biologij Section, Radiological Sciences Department, General Electric 
Company, Richland, W ashington) 

(Received for publication, February 16, 1956) 

The pioneering isotopic tiacei studies of Schoenheimer and coworkers, 
in iihich deuterium- and N^^-labeled compounds weie utilized in the meas- 
urement of metabolic tuinovei lates, have been videly accepted as con- 
vincing evidence foi the essentially dynanuc state of most, if not all, bodj’’ 
constituents (1) The “dynanuc state of body constituents” has become 
a byword m most modem textbooks of biochenustiy, and Folm’s eailiei 
distinction between endogenous and exogenous metabohsm of proteins (2) 
has been usually treated as a histone, but outgrown concept In recent 
j’’eais it has become evident, howevei, that not all body constituents are 
so very dynamic These findmgs have been lecently levien ed by Mitchell 
(3), vho finds them in no sense mcompatible vith the essential featuies of 
Fohn’s oiigmal concept Despite this more lecent e^^dence foi non-dj’’- 
nainic components in many tissues, the lesults of shoit term expeiiments of 
isotope letention aie still fiequently mteipieted as indicating lapid tuin- 
ovei lates for the total amount of the constituent undei investigation 
Such interpretations ignore the fact that the piesence of a long lived frac- 
tion could not possibly be detected duimg the shoit expeiimental periods 
employed 

In experiments similar to the eaily deuterium uoik of Schoenheimei el 
al (1), but with tiitium as a tracer, we have previously demonstrated the 
existence m the lat of metabohcally ineit components vith apparent 
biological half hves of the ordei of 100 days oi longer (4, 5) These ex- 
periments involved the admimstration of a smgle large dose, or a short 
senes of doses, of tritium oxide The amount of tiitium incoi pointed in 
the long hved components was always small compaied to that incorporated 
in the more dynanuc components The long hved components v ere dis- 
cermble only by viitue of the wide lange of concentration over vhich 
tritium may be detected, which alloi\ed us to trace the tritium content of 

* This paper is based on work performed under contract No W-31-109-EnE-52 for 
the Atomic Energy Commission 
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the animals until the shoitei hved components were elmnnated Wiulc 
these expel iments cleaily demonstrated the existence of nietabolicalh 
inert components in nearly all tissues, only lough estimates of pool sizes 
were possible 

We have now completed chrome exposure studies which are susceptible 
to a more quantitative interpretation These studies beai out the earlier 
indications that the concept of the dynamic state of body constituents is 
more restricted in its applicability than has generally been supposed 

Methods 

Twelve female lats of the Sprague-Dawley strain, average v eight 235 
gm , were injected mtraperitoneally with sufficient tritium oxide to bnng 
the concentration of tritium in their body water to approximately 34 
/ic per ml Thereafter, for a period of 124 days, all drinking ivater aiail 
able to these ammals contamed 5 0 per ml of tritium as the oxide 
Purina laboratory chow was available ad hhitum throughout the expen 
ment After 6 xveeks on the tritium oxide regimen, the animals x^ere 
mated The offspring were exposed to the uniform mateinal tritium oxide 
environment tn utero, xvere nursed by the mothers treated with tntmm, 
and weaned to the regimen of tritium oxide-labeled dimbng water, ubich 
xvas maintained until the ammals xvere 6 months old 

After cessation of tntmm oxide adimmstration, groups of rats from both 
generations were killed at intervals as indicated in Tables I and II, and the 
orgamcally bound tritium content of various oigans and tissues xxas de 
tei mined Samples were pooled from the two or three ammals in each of 
these groups Total samples were taken except in the case of fat (genital 
and peiirenal), pelt (dorsal), bone (femora), and muscle (hind leg) The 
residual carcass was thoroughly ground and the aliquots xx^ere analyzed 
The methods employed in the removal of xxater from the tissues and in the 
combustion of the dry residue have been prexnously described (6) Sam 
pies xvere not eqmhbrated xvith xx’^ater (7), therefore, the values for orgaiu^ 
cally bound tritium include “freely exchangeable” as well as "firmly bound 
tritium 

In addition to the samples of organ and tissue, orgamcally bound 
was determined in fractions separated from the residual carcass c 
fractions studied are hsted m Tables I and II, the methods emploje m 
their separation having been previously described (6) The fraction m e 
as "insoluble residue” consists of material left after removal of x\a e 
soluble, fat-soluble, and NaOH-soluble fractions 

The tritium-counting procedure has been prexnously describe , 
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Results 

Expel imeiital lesults aie suinmauzed in Table I (first generation lats) 
and Table II (second geneiation rats) All the data are calculated in 

Table I 


Concentration of Tntiuni tn Oigamcally Bound Hydrogen of Rats after 
Chrome Exposure to Tritium Oxide for 4 Months during Maturity 


Group No * 

1 

2 

3 

4 


6 

Time killed, days 

0 

10 1 

30 

93 j 

1S4 ; 

360 

Average rat weight, gwi 

249 

24S 

259 

266 

258 

300 


Tritium concentration in water from combustion as per cent of concentration 
m body water during exposuref 


Tissues 

Carcass 

21 

Q 


8 4 

4 

4 

2 8 

0 81 


Liver 

28 

■ 

9 

2 2 

0 

57 

0 29 

0 086 


Lung 

16 

12 


3 1 

0 

97 

1 03 

0 32 


Heart 

9 5 

11 


5 3 

1 

03 

1 03 

0 25 


Kidney 

25 

11 


3 5 

1 

2 

0 65 

0 32 


Stomach 

18 

9 

7 

4 7 

3 

1 

2 3 

0 84 


Small intestine 

20 

8 

7 

3 8 

1 

5 

1 00 

0 33 


Large “ 

15 

8 

4 

5 7 

2 

8 

1 9 

0 81 


Brain 

22 

18 


12 

6 

2 

3 8 

1 4 


Pelt 

24 

14 


12 

7 

6 

4 0 

1 7 


Muscle 

23 

14 


9 2 

4 

8 

3 0 

0 46 


Fat 

15 

12 


9 2 

4 

0 

3 6 

0 30 


Bone 

18 

4 

6 

3 2 

3 

2 

3 0 

1 8 

Compound 

Phospholipides 

17 

12 


9 2 

6 

0 

4 0 

0 62 

fractions 

Non -saponifiable lipides 

17 

15 


7 3 

5 

4 

2 4 

1 4 


Saturated fatty acids 

15 

' 12 


8 6 

5 

7 

7 0 

1 4 


Unsaturated fatty acids 

7 0 

7 

0 

4 6 

6 

0 

8 8 

2 5 


Collagen 

1 9 

3 

2 

3 5 

1 3 

4 

3 4 

2 8 


Water-soluble 

15 

13 


7 0 

3 

4 

3 4 

0 24 


Alcohol-ether-insoluble 

17 

13 


8 9 

2 

2 

0 73 

0 35 


Insoluble residue 

9 7 



4 8 



2 8 

1 2 


* Each group consisted of two animals, samples from which were pooled prior to 
analysis 

t Average concentration of tritium in body water during exposure w'as 3 1 fic 
per ml The values were normalized as explained in the text 

terms of the tritium concentiation in tvater derived from the combustion 
of the dry tissue, oi compound fraction, and expressed as a per cent of the 
concentration of tritium which was maintained m the bodj'^ water thiough- 
out the exposure period Bj’’ expressing tissue-bound tritium in terms of 
tritium concentration in the wmtei derived from the combustion of the 
tissue, all figures become proportional to the specific activitj’’ of tritium in 
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hj’-diogen, thus simplifying comparisons among compounds of lanous hj- 
drogen contents and body u atei The a\mrage concentration of tritium 
m body water maintained duiing the peiiod of chionic exposure i\as37 

Table II 


Concenirahon oj TriUum ^n Organically Bound Hydrogen of Rais after Chrome 
Exposure to Tritium Oxide from Conception to 6 Months of Age 


Group No 

1 

1 

2 \ 

3 

4 

S 

6 

7 

g 

Sex 

M 

F 1 

r 

F 

M 

F 

M 

Af 

No of tats 

3 

3 

3 

3 

3 

3 

3 

2 

Tune 1 illed, days 

0 

0 

5 

14 

35 

70 

119 

200 

Average rat weight, gm \ 

368 

217 

247 

246 

390 

221 

I 

396 

1 1 

SOS 


Tritium concentration in water from combustion as per cent of 
concentration in body water during exposure* 


Tissues 

Carcass 

19 

17 

18 

15 


I 

5 

5 

4 

4 

6 

4 0 

IS 


Liver 

27 

27 

20 

8 

1 

2 

3 

0 

62 

0 

45 

0 48 

OP 


Lung 

24 

26 

16 

7 

6 

5 

9 

2 

9 

2 

7 

2 6 



Heart 

21 

22 

19 

12 


6 

5 

2 

1 

1 

1 

38 

Is 


Kidney 

26 

25 

20 

9 

5 

3 

9 

1 

5 

1 

2 


OC^ 


Stomach 

24 

26 

20 

12 


8 

3 

3 

2 

3 

8 

3 9 

2s 


Small intestine 

21 

21 

19 

9 

7 

3 

9 

2 

6 

1 

7 

1 6 

0 9i 


Large “ 

20 

22 

20 

12 


6 

5 

5 

3 

2 

9 

3 1 

21 


Brain 

37 

39 

9 

30 


11 


13 


13 


10 

51 


Pelt 

28 

22 

25 

21 


17 




8 

0 

62 

2T 


Muscle 

23 

18 

20 

16 


11 


6 

8 

4 

2 

3 2 

13 


Fat 

12 

11 

15 

13 


8 

1 

4 

6 

3 

4 

19 

0 44 


Bone 

17 

16 

18 

14 


11 


9 

5 

S 

1 

76 

49 

Compound 

Phospholipides 

21 

17 

20 

17 



3 

7 

6 


6 

4 1 

30 

fractions 

N on-saponifiable lipides 

26 

20 

15 

17 



3 

10 

6 

6 

0 

4 3 

i s 


Saturated fatty acids 

11 

10 3 

13 

13 


7 

8 

4 

9 

3 

2 

1 7 

0 46 


Unsaturated fatty acids 

7 8 

5 9 

8 4 

7 

3 

4 

1 

3 

4 

2 

1 

1 1 

0 46 


Collagen 

22 

20 


17 


16 


15 


12 


16 

12 


Water-soluble 

16 

18 

18 

12 


6 

8 

4 

0 

2 

4 

0 62 

0 32 


Alcohol-ether-insoluble 

26 

24 


17 


13 


8 

6 

6 

2 

44 

3 C 


Insoluble residue 

14 

14 

12 

9 

I 



4 

0 

5 

4 

3 4 

3 1 


The values were normalized as explained in the text 

* The average concentration of tritium in body water during exposure a as i 
pc per ml 


pc per ml The percentage values hsted m Tables I and II may there ore 
be converted to microcunes per ml by multiplying by 0 037 

The decrease m tiitium concentiation of tissue after exposure may 
not only from metabohe processes, but also as a consequence o sifflP ^ 
dilution due to groxvth of the ammal In an effort to eliminate t ns e 
of dilution, data m Tables I and II, where necessary, haxm been nor 
ized to a constant weight of organ, tissue, or compound fraction 
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those organs analyzed in ioto, the standard taken for noimalization was the 
average organ w^eight in the first group of the second generation rats ivhich 
ivere killed ^Vheie only partial tissue samples were taken, normalization 
w as based on total animal weight, wnth the first group of second generation 
rats being taken as the standaid Data for male and female animals w ere 
separately normalized With the exception of Group 6 in Table I and 
Group 8 in Table II, weight differences at death were relatively slight, and 
the noimahzation procedure introduced only small changes in tritium con- 
centrations 

Data from the separated compound fractions, wuth one exception, were 
not normalized It w'as felt that the small differences m “fraction yield” 
among the groups of rats w'^ere just as attributable to chemical and mampu- 
lative losses as to differences due to ammal growdh The single exception 
nas the case of saturated fatty acids w'hich, m the first generation animals, 
increased qmte significantly m Groups 5 and 6 

DISCUSSION 

Radtahon Dose — ^In previous studies in tins series, it wms sometimes 
necessary to employ concentrations of tntium w'hich irradiated the rats 
at levels as high as 30 rads per day for periods of several days (5) Wlule 
no gross symptoms of radiation damage w'ere observed, such high levels of 
radiation are undesirable because of their possible effects on the general 
metabohsm of the ammal In the present study, the continuous level of 
3 7 jic of tritium per ml of body watei gave a maximal dose rate to the 
animal of only 1 lad per day 

MeUibolic Incorporation of Hydrogen from Body Water — Organically 
bound hydrogen m an animal may arise from two sources (o) It may be 
present, already bound, in orgamc molecules taken m as food, these mole- 
cules or portions thereof being incorporated into the tissue compounds of 
the ammal (b) It may be incorporated from the hydrogen of body w ater 
during the metabolic sjmthesis of tissue compounds In the present stud}’^ 
the second generation rats killed at the end of the exposure period (Groups 
1 and 2, Table II) were exposed throughout their existence to bod}’’ water 
hydrogen contaimng a constant proportion of tritium The or ganicallj’’ 
bound hydrogen in their food contained no tritium The tritium content 
of the tissue compounds of these ammals should therefore indicate the 
extent to w^hich hydrogen is derived from each of the tw o available sources, 
for the moment the possibility of isotopic diffeientiation being excluded 
The results for Groups 1 and 2 (Table II) indicate that, for most of the 
samples analyzed, from 20 to 30 per cent of the organically bound hx drogen 
^as apparently derived from body w'atei Several of these samples were 
"ell outside this range, how^ever, and require additional conmient Brain 
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tissue was umquely high in bound tiitium, mth lesults uluch indicate 
that neaily 40 pei cent of its hydiogen was deiived from body water 
This leads to the conclusion that brain, to a greater extent than other 
tissue, IS composed of materials synthesized within the body Such a 
finding may be i elated to the existence of the so called “blood-brain bar 
rier” Avhich might be expected to hinder incorpoiation of large pieformcd 
molecules into the brain substance (9, 10) Thus Friedberg and Green- 
berg have observed an apparent baiiier to the uptake of ammo acids b\ 
the biam (11) The fact that the composition of brain hpides, as com 
pared noth other oigan hpides, is least influenced by diet (12) is also m 
qualitative accord with this finding 

The separated fatty acid fractions and the gioss fat sample weie notabij 
low m bound tiitium, indicating that these mateiials, to a greater extent 
than othei tissue components, iveie deiived fiom pieformed organic 
molecules taken in as food This conclusion is consistent mth mam 
studies which have demonstiated the extensive direct mcoipoiation of 
fatty acids fiom food mto depot fats (13) The lessei iiicoiporation oi 
tiitium into the unsaturated as compared to the satuiated fatty acids cor 
responds to previous findings with deutenum (14) 

The tritium concentration m certain tissues from the first generalion 
ammals (Table I, Group 1) is significantly lower than m coiresponding 
tissues fiom second generation animals (Table II, Groups 1 and 2), mdi 
eating that the 4 months exposure of the first generation lats was insuffi 
cient to permit equilibrium levels of tritium to be attained m some of the 
moie metabohcally inert fractions Most notable is the case of collagen, 
in which tiitium incorpoiation is 10-fold higher in the animals exposed 
fiom conception It seems quite evident that the bulk of the collagen m 
the first generation rats had been formed pnoi to the tiitium oxide expo 
sure and that httle degradation and lesyn thesis of this collagen occurred 
during the 4 month exposure peiiod The metabohe mertia of collagen was 
indicated m previous studies by ourselves (5) and others (15-17) and is 
borne out by othei featuies of the present investigation, to be discussed 
subsequently 

In the foregoing discussion no account has been taken of the possibibti 
that the nicorporation into tissue compounds of tritium from body rratcr 
may not be a true measure of hydrogen incbrporation It is evident rom 
recent studies by ourselves (7) and others (18, 19) that differences do exis 
m the rates of incoiporation of deuterium and tritium undei circiim 
stances siinilai to those of the piesent expeiiment Eatios of tritium 
deutenum mcoiporation as low as 0 77 have been reported for the ease 
mammary gland fatty acids (18) It is likely that even laigei 
may exist between tritium and protium (ordinary hydiogen) inco 
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tion It IS therefore reasonable to suppose that the incorporation into 
tissue compounds of hydiogen from body water in the rats of the present 
experiment was actually somewhat highei than indicated by the results mth 
tritium While this uncertainty would pieclude any inferences based on 
absolute values of tritium incorporation, it is not felt that it sigmficantly 
affects any of the comparisons considered in the preceding discussion 
It should also be pointed out that the fraction of orgamcally bound 
hydiogen which is derived fiom body watei is undoubtedly a function of 
diet Thus Bernhard and Schoenheimer found that, on a fat-free diet, 
approximately 50 per cent of hydrogen in saturated fatty acids was de- 
rived from body water, as indicated by deuteiium incorporation (14) 
This is in contrast to our result of 10 to 15 per cent as indicated by 


FOOD 


WATER 



TISSUE 
COMPOUNDS 


Fig 
vith tritium 


EXCRETED WATER EXCRETED COMPOUNDS 
1 Simplified scheme of h 3 "drogen metabolism with ingested vater labeled 


H, organically bound hydrogen, h, water hj^drogen, *, tritium label 


tritium incorporation, and with a diet containing not less than 5 per cent 
crude fat The difference in these two results is probably omng largely to 
diffeiences in the fat content of the diets rather than to an isotope effect 
Metabolic Inertia of Tissue Components As Measured by Tritium Reten- 
tion — The principal purpose of the present experiment vas to obtain data 
from which the size of the metabolically inert hydrogen pools could be 
Estimated A schematic representation of the metabolic systems involved 
is> shoum in Fig 1 Tritium-labeled hydrogen, from drinking vater. 
Enters the body water pool by Route 1 Non-labeled hydrogen from 'watei, 
from food, enters by Route 2 Hydrogen also enters the pool of body v ater 
from the catabolism of tissue compounds, Route 3 representing the con- 
tribution from tritium-labeled compounds and Route 4 the contribution 
from unlabeled compounds The pool of body uater is not separated into 
compartments, all portions having the same concentration of tritium, which 
's accurately reflected by any sample of bodj'^ w ater 
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The oiganically bound hydiogen of tissue compounds is not mnfomiK 
labeled with tritium Bound hydrogen aiising from body water na Route 
5 lAoli be labeled to the same extent as hydrogen of body water, \\Iule bound 
hydiogen incorporated directly from food (Route 6) will be unlabeled 
The same compound, of course, may, andpiobablyin most cases ml] con 
tarn both hydrogen derived from body water and hydiogen deiived from 
food The orgamcally bound hydrogen pool consists of a gieat many com 
paitments, the hydrogens of which mil usually not equilibiate mtheacli 
othei 

Because of much justifiable ciiticism of the non-rigoious methods em 
ployed in the interpretation of tiacer studies in biological systems (ej, 
Reinei (20)), it seems desirable at this pomt to define clearly the recog 
mzed linutations of the present study The biological systems invohd 
encompass the total ammal The complexity and lack of understanding 
of these systems are such that no attempt at a rigorous mathematical 
interpretation of the results is considered justified Our aim is notlmig 
moie than a gioss demonstiation of the lelative metabolic mertiaofa 
gieat variety of tissue components and a semiquantitative indication of 
the magmtude of these relatively inert components In perfoimmg this 
demonstiation we iviU consider gioss retention curves as being the sum of 
exponential components, and derive half fives for these components In 
so domg, it is lecogmzed that these exponential components and their 
associated half hves bear no clearly definable relationship to any specific 
biological component These exponential components do, however, afford 
a fairly accuiate representation of the net late at which tritium is being lost 
fiom the tissue under mvestigation, and this loss of tritium can be, at leas! 
semiquantitatively, i elated to the late of degradation of the compounds 
which compose the tissue 

In Fig 2, data are presented on the retention of tritium in the second 
geneiation lats after removal of tritium from the dnnking water The 
oiganically bound tiitium curve is derived from analyses on the “residual 
carcass,” but may be considered as representative of the total animal 
Withm 10 days the concentration of tntium m hydrogen of body imter 
has dropped to about the same level as tntium in organically bound hydro 
gen, and by 25 days the tntium concentration in body watei hydrogen is 
less than one-tenth of that m oigamcally bound hydiogen Because o 
I this lapid decrease m body water tritium, theie is no possibility of a con 
' tinned significant rec 3 ’’cling of tntium between body water and tissue com 
pounds Upon lemoval of tntium fiom Route 1 (Fig 1), 
poiation via Route 5 lapidly dwindles to insignificance, and the o^^^^ 
organically bound tntium from the tissue compounds becomes ^ 
of the bieakdovm oi excietion of these compounds via Routes an 
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Although this ineasuie of tissue degiadation applies in a stiict sense onlj’- 
to those components whose hydiogen was derived fiom bod}'’ water, it can 
be assumed that it reasonably lepresents the total tissue In other woids, 
it can be assumed that Routes 3 and 3' are eqmvalent to Routes 4 and 4' 
There would seem to be no a pnon reason foi assuming that the oiigin of 
a compound’s hydrogen fiom food molecules or from body vater should 
play a deteimining lole in the subsequent fate of that compound, pai- 
ticularly since most compounds will contain hydrogen from both souices 
By equating loss of tritium via Routes 3 and 3' vuth the breakdov n or 



Pig 2 Retention of body water tritium and organicallj^ bound tritium in rats 
after chrome exposure to tritium oxide from conception to 6 months of age 

excretion of labeled compounds, one assumes that the tiitium is not lost 
by simple exchange with piotium fiom body water Tritium in labile 
positions, eg attached to oxygen oi mtiogen atoms, is ceitamly rapidly i 
lost bj'^ such an exchange piocess The piopoition of such labile h 3 ’’drogen 
111 the body is small, howex'd, and much caieful work x\ith deuterium has 
shown that, wnth few' exceptions, hydi ogen linked to carbon is not ex - 1 
changed under physiological conditions (1) The possibilit}' of a xerj 
slow' late of exchange of caibon-hnked tritium with body water protium, 
howevei, cannot be iniled out If such an exchange contnbutes appreci- 
ably to the loss of tritium from tissue compounds, the neglect of this factor 
in oui calculations w'lll lesult in an undei estimation of the biological half 
bves of the compound tui novel processes 



m 


TRITIUM AS TRACER IN METABOLISM V 


In the case of the second generation lats, we shall assume that the 
amount of tritium present in any gross orgamc tissue component at the 
conclusion of the tritium oxide feeding period is proportional to the ina&> 
of that component Thus, if half the tritium m a given tissue is lost wth 
a half Me of 100 days, we shall assume that half of the tissue is being de- 
giaded and resynthesized with this half Me This amounts to an assump 
tion that all orgamc tissue constituents contamed the same proportion of 
uniformly labeled hydrogen at the conclusion of the exposure penod It 
was hoped that the long uniform exposure from conception to 6 months of 
age would result m leasonably umform tntium labelmg As preinousl) 
mentioned (Table II, Groups 1 aud 2), complete uniformity among tissues 
and compound fractions was not achieved It is felt, however, that the 
assumption of uniform labehng will mtioduce no greater error than that 
mherent in other factors m the interpretation 
It should be remarked that the possibihty of isotopic differential 
between tritium and protmm is of no sigmficant concern m the mteiprc- 
tation of tritium retention Once incorporated m the orgamc molecule, 
the release of tntium vnli be largely determined by the metabohc fate of 
the entire molecule, which will not be sigmficantly influenced by a laaso 
difference of 2 umts in the total molecular weight This conclusion was 
borne out in experiments m nrhich the retention of orgamcally bound 
tntium and deuterium m rats was compared (7) 

In accord with the above considerations, we may now return to the in 
terpretation of the organically bound tritium retention curve of Fig 2 
This curve may be resolved, as shown, into two exponential components 
with half lives of 130 and 22 days Extrapolation of these components to 
zero time indicates their relative magmtude, the 130 day component ac 
counting for nearly half of the total tissue We shall emphasize again that 
such lesolution of a retention curve does not imply that two discrete bi 
ological components with these half lives exist Rather, one should con 
elude that the many components ivhich must exist m the animal may be 
grouped in this mannei and that the “average half life" of the more inert 
group of components is 130 days, while that of the more dynamic group 
of components is 22 days Such a grouping does not preclude the acknow 
edged existence of components with very short half lives It does, on 
ever, indicate that such short half life components are quantitatively msig 
mficant in the over-all picture for the total animal j j pd 

The biological half hfe of tntium in the body water of the rat, as e 
from body water analyses on the early groups of the ammals i e > ’ 

3 3 days, the same value as that determined m prenous acu e 
studies (4) By knowing the rate at which tntium is lost froin o j ^ 
and the rate at which tritium is being introduced into the o y n 
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breakdown of tissue compounds (with an assumption that all released 
tiitium follows Route 3 (Fig 1)), one can calculate the concentiation of 
tritium which should be piesent in the body water throughout the period 
following cessation of tritium oxide feeding Such a calculation results m 
the cuive diawn foi body watei tiitium in Fig 2 The companson of this 
curve with the expeiimentally determmed values serves as an excellent 
internal check on the general validity of the expenmental and mterpreta- 
tive procedures 

In a mannei similar to that illustrated for the lesidual carcass in Fig 2, 



DAYS 

Fig 3 Retention of organically bound tritium in rat tissues and compound frac- 
tions after chronic exposure to tritium oxide from conception to 6 months of age 

letention curves veie plotted for all organs, tissues, and separated com- 
pound fractions bj'’ using the data fiom Tables I and II Fig 3 shovs 
several such curves foi representative samples These retention curves 
were resolved into exponential components and the half lives and relative 
magnitudes of the components determined Table III summarizes the 
results from the second generation animals, the data from the first genera- 
tion rats having led to similar results m most cases The results from the 
first generation ammals aie not shovm, since the assumption of uniform 
labeling involved m the evaluation of the magnitude of the components is 
more questionable foi these rats 

It was possible to resolve components vith half hves as short as 3 to 5 
days for only four organs This does not mean that such dxmamic com- 
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ponents were not present in the other samples, but simpty indicates that 
onong to the predominance of longer hved components, it was impossible 
to resolve components of very short half hfe accurately 
Relatively inert components with half hves, m most cases longer than 
100 days, constitute at least 30 per cent of all the samples analyzed, except 
hver, kidney, lung, stomach, and small mtestine Heart might also be 

Table III 


Magnitude and Biological Half Life of Tissue Components of Rat 



Long lived component 

Shorter h\cd 
components 

Magnitude, 
per cent total 
tissue or 
fraction 

Biological 
half life 

Biological hall life 




days 

days 

Tissue 

Carcass 

47 

mm 

22 


Liver 

3 

■9 

12,4 5 


Lung 

14 


10,3 


Heart 





Kidney 

8 

mm 

11 


Stomach 

20 


20,6 


Small intestine 

17 


9 


Large “ 

30 

■■ 

13,5 


Brain 

54 


16 


Pelt 

67 

mSM 

11 


Muscle 

40 


16 


Fat 

69 

70 

17 


Bone 

72 

240 

16 

Compound 

Phospholipides 

33 

mm 

20 

fractions 

Non -saponifiable lipides 

50 


20 


Saturated fatty acids 

60 

mm 

15 


Unsaturated fatty acids 

74 

80 

10 


Collagen 

72 

HEUIH 

15 


Water-soluble 

50 


10 


Alcohol-ether-insoluble 

36 


25 


Insoluble residue 

40 


15 


expected to fall in this category, but the data obtained for heart were oo 
erratic for accurate resolution of the retention curve Even these me a^ 
bolicaUy active organs possess Avell defined components with ha iv 
exceeding 100 days 

The greatest degree of metabolic inertia is exhibited bj'’ co 
72 per cent of the fraction exhibiting an apparent half hfe o 
From the scatter of points on the collagen retention curve (Fig ^ 

be evident that the half life could have been assigned any va ue 
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days to infinity about as leasonably The conclusion would seem to be 
justified that most of the collagen of mature rats is not replaced dunng the 
lifetime of the animal Tins conclusion is supported by the 10-fold low er 
incorporation of tritium in the fiist generation animals w^hich w^ere exposed 
aftei attaimng essentially full giowth 
While the existence of metabohcally inert collagen (15-17), and protem 
fractions generally (21-24), has been demonstrated by other mvestigators, 
the extieme metabolic ineitia of a substantial fraction of body hpides seems 
to have been fiist mdicated by earliei studies in this series (4, 5) Other 
workers have deternuned biological half hves for various hpide components 
of the rat, using isotopic tracei methods, wath resultmg values which range 
from 1 to 35 days (25-27) In all cases, these values w'ere based on obser- 
vations extending ox'-er short time peiiods (not exceedmg 30 days), and the 
assumption wms made that the half hfe observed apphed to the total hpide 
fraction undei investigation It should be exudent from the present stud3'’ 
that these short half hves aie not representative of the total hpide frac- 
tions, but apply only to the more dynamic portions of these fractions 
The present data indicate that lelatively mert components constitute the 
majority of bodj'’ lipides generally, and approximately txvo-thirds of both 
saturated and unsaturated fatty acids 
A recent report by Steele (28) on the letention of C^'* in tissues of the 
mouse after a single ingestion of umformly labeled sucrose fuimshes sup- 
port for our hypothesis of the prexmlence of metabohcally mert components 
in most tissues Although extending over a period of only 36 days, his 
data indicate components xxnth apparent half hves of from about 17 to 33 
days in all the tissues examined His value of 33 days for mouse muscle 
compares xvith our finding in a 31 day experiment of an apparent half hfe 
of approximately 30 days for the orgamcally bound tritium of the total 
mouse (6) Thus the results xvith hydiogen labeling are in excellent agree- 
ment wnth the results from a comparable expenment m w hich the carbon 
was labeled directly In comparing these txvo studies, it becomes exadent 
that the use of tritium as a label offers at least tw o adxmntages over the 
apparently more stiaightforwmrd carbon label First, the uniform label- 
mg of tissue compounds is certainly more closely approached xxith chronic 
tritium oxide administration than xxath the feeding of an}*^ carbon-labeled 
substance, and second, the greater probability of caibon reutihzation, as 
Compared to hydrogen reutihzation, makes quantitatixm mteiprctation of 
retention data much more difficult 

SUMMARY 

fiats exposed to a constant lexml of tritium oxide m bod}’’ xxater from con- 
ception to 6 months of age xxere subsequently killed at lime mtcrxals ex- 
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tending to 300 days Another senes of animals, similarly exposed for a 
period of 124 days aftei attaimng matunty, was subsequently killed atm' 
tei vals extending to 360 days Organically bound tntium u as determined 
in various organs, tissues, and compound fractions, and the lesults were 
interpreted as follows 

1 Under the dietary conditions employed, mthout consideration for 
the possible effects of isotopic differentiation, from 20 to 30 per cent of the 
hydrogen of most tissue compounds was derived from body water Brain 
and fatty acids were exceptional, with nearly 40 per cent of brain hydrogen 
and about 10 pei cent of fatty acid hydrogen derived from body water 

2 Dynamic components (half hves of a few days) constitute a verj' small 
proportion of the total animal, and in the piesent experiment were distm 
gmshable from the predominant "less dynamic” components only in hi er, 
lung, stomach, and intestine 

3 Approximately half of the orgamc materials constituting the total 
rat IS being degraded and resymthesized ivith apparent biological half In pj 
longer than 100 days 

4 Collagen was found to be umquely meit Most of the collagen of 
mature rats is apparently not replaced during the lifetime of the animal 

5 The majority of body hpides, including about two-thirds of both 
saturated and unsaturated acids, exhibit half hves of the order of 70 dais 
or longer 

The authors wish to acknowdedge the techmcal assistance of Elizabeth 
Desposato, Margaret Lawson, and Alma Crosby, and the services of 
Arthur Case and cowoikers of the Radiochemical Analysis group of the 
Biology Section 
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THE BIOSYNTHESIS OF MONOMETHYLETHANOLAMINE 
BY NEUROSPORA CRASSA* 
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(Keceived for publication, June 11, 1956) 

The foimation of the methyl groups of chohne and methiomne from C^'*- 
labeled formate has been demonstrated in rat hver shoes (1) and m the m- 
tact rat (1-5) The admimstiation of sodium deuterio-C“-formate m the 
rat i\as followed by the isolation of tissue chohne contaimng C^Mabeled 
methyl ivith no detectable loss of deuteiium (6) Stekol et al (7) concluded 
that chohne is synthesized in the rat by the direct transfer of a methyl 
gioup from methiomne to dimethylethanolamme and that methiomne may 
not participate directly m the formation of dimethylethanolamme Their 
data indicate also that the de novo synthesis of the two methyl gioups of 
dimethylethanolamme is mediated by a fohc acid derivative and that folic 
acid and its denvative are not involved m the transfer of the methjd group 
of methiomne to dimethylethanolamme These mvestigations have uti- 
lized the isolation and analysis of labeled chohne or betaine and not of the 
intermediate mono- and dimethylethanolamines Additional evidence is 
leqmred therefore to peimit an unequivocal differentiation between steps in 
the sjmthesis of chohne wEich may mvolve methylation by conversion of a 
foimate to a methyl caibon as wmll as the direct transmethylation of methyl 
from methiomne 

In the present papei sodium formate-C*'* and L-metlnomne-CHs*^ (Iso- 
topes Specialties Company, Inc ) have been compared as sources of the 
methyl of the monomethylethanolaimne synthesized by mutant strains of 
Neurospora crassa 


EXPEKIMENTAL 

Neurospora Mutants Employed — Neurospora strain 47904, previouslj^ 
described by Hoiowitz et al (8, 9), synthesizes monomethylethanolaimne 
but, because of a mutation of a genetic locus concerned with the synthesis 
of chohne, is unable to conveit the monomethjdethanolamine to chohne at 
the normal late Consequently, the intermediate accumulates in the cul- 
ture Strain C-24, first isolated by Mrs Mary B hlitchell (10) and latei 
described by Hairold and Fling (11), lequires exogenous formate for grow th 

This investigation was supported bj' a research grant from the Isational \ itamin 

Foundation 
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Its nutritional deficiency is presumably due to a mutation concerned wth 
the normal production of formate from seiine A thud Ncurospora nni 
tant employed in these studies, stiain 38706, also descnbed by Horowitz 
(12), IS dependent for growth on exogenous methionine, smce it is unable to 
methylate homocysteine The above oiganisms were put through the ap 
propnate genetic crosses to produce double mutant strains 47904 X C-’4 
and 47904 X 38706 The identity of each double mutant vas verified bi 
outcrossing with the standard strain Both orgamsms require choline (or 
growth and accumulate monomethylethanolaimne In addition, strain 
47904 X C-24 requires exogenous formate and strain 47904 X 38706 re 
quires exogenous methiomne Strains 47904 X C-24 and 47904 X 38706 
were grown under identical conditions on media containing formate C" 
and L-methiomne-CHs-C^^, respectively The incorporation of isotope into 
the methyl moiety of the accumulated monomethylethanolaimne was com 
pared in the two orgamsms 

Growth of Microorganisms — In each experiment a 2 liter culture of either 
Ncurospora strain 47904 X C-24 or 47904 X 38706 was grown for lOdajs 
at 25° under forced aeration on a immmal medium (13) containing 2a2 1 
of chohne chloride per culture In addition to the choline supplement 
the 47904 X C-24 culture medium contained 160 mg of sodium fomiatc-O* 
and the 47904 X 38706 medium contained 40 mg of L-methionine CHi" 
Each supplement was used at the immmal concentration level required for 
optimal groudih of the molds Although the double mutants exhibited no 
growth on minimal medium, growth on the supplemented media approached 
that of the normal strain and, accordingly, the nutritional requirements of 
both orgamsms were satisfied by the supplemented media 

Isolation and Degradation of Monomethylethanolamine from Ncurospora— 
Concentrates of monomethylethanolaimne were obtained from the mold bi 
essentially the procedure originally described by Horowitz (9) The oiil) 
step that was ormtted was the removal of chohne as the reineckate, ance 
this separation was accomplished later in the isolation procedure The 
monomethylethanolaimne wms purified on a 15 X 265 mm chromatographic 
column -with Dowex 50 cation exchange resm in the hydiogen form as fhe 
stationary phase and 1 5 n HCl as the eluting solvent At a flow rate o 
about 14 ml per hour, the methylethanolamine emerged from the column 
after approximately 190 ml of eluate had been collected, and the bulb o 
the substance was contamed in about 30 ml of the following eluate 
hminary experiments with authentic samples show'ed that this coum 
separates monomethylethanolamine from dimethylethanolamine an c 'o 
line quantitatively The separation is essential for the successful quaii 1 1 
tive bioassay of these materials with Ncurospora mutants (14) 

The amount of monomethylethanolaimne isolated by this proce 
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from a 2 liter cultuie of either one of the double mutants was about 1 mg 
The exact amount was detei mined by assay uith Neurospora stram 34486 
(14), and at this point in the piocedure the mateiial n as diluted about 200- 
fold with earner The diluted amine was extracted fiom an aqueous alka- 
hne solution nuth butanol and nas lecrystalhzed to constant isotope 
actmtyfiom ethyl acetate as the piciic acidsalt (15) Monomethylethanol- 
anune treated with a stoichiometric amount of periodic acid at loom tem- 
peratuie yields 1 mole of methylamme and 2 moles of formaldehyde ^ 
This method was employed to degrade the amme m order to determme the 
distribution of isotope activity in the thiee carbons The methylamme ob- 
tamed by this procedure was puiified as a chloroplatmate and the formal- 
dehyde as the dimethone derivative 

Tracer Studies — The monomethylethanolamme picrate and methylaimne 
chloroplatmate were oxidized to CO 2 and counted m a floiv countei as 
BaCOs The formaldehyde was plated as the dimethone denvative The 
appropriate coirections were made for self-absorption and backscattermg 

DISCUSSION 

Tables I and II piesent the data on thiee expeiiments wnth strain 
47904 X C-24 and two expeiiments vith stiain 47904 X 38706 Ongi- 
nally only two dupheate experiments for each strain weie planned, but, in 
view of the unexpected high activity found m the methyl moiety of mono- 
methylethanolamine from strain 47904 X C-24, a third experiment vas 
performed at a latei date as a precautionary measure 

Expressed m terms of atoimc or molar ratios, the data show that, v hen 
the carbon in a mole of supplemental formate is incoi pointed m the methyd 
group of monomethylethanolamme, it is diluted m the process by only 0 5 
gm atomic weight of carbon conung from endogenous sources In con- 
trast to this, the carbon m the methyl group of supplemental methionine is 
diluted about 7-fold before it is incorporated into the methyl of the same 
methylamme This high mcoiporation of activity from formate to the 
methyl group of monomethylethanolamme is evidence that formate is a 
faiily direct precursor of this moiety m Neurospora The much lovei 
transfer of activity from the methyl group of methionine to the meth}^ of 
monomethylethanolamme indicates a less direct metabolic pathway foi 
this methyl to methyl transfer These results aie in keeping with the 
findings of Stekol et al (7) that the de iiovo sjmthesis of the two methyl 
groups of dimethylethanolamme is mediated bj'^ a folic acid dern atn c m 
the rat Whereas the involvement of folic acid deru atives 111 formate 
metabolism is recognized, existing evidence does not indicate that folic 
acid or its biological denvative is a cofactor in the enzyme reaction^ in\ oh - 

' Unpublished work 
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ing transmethylation from methiomne (7) The role of fohc acid m the 
biosynthesis of chohne by Neurospora is under investigation in tluslabora 
tory 

It IS necessaiy to distinguish carefully between methylation due to trans 
methylation and methylation due to synthesis of a methyl from fomiato 
Particularly disturbing in the past has been the difficulty in desenbing the 


Table I 


Distribution of in Monomethylethanolamine from 
Neurospora, Strain 47 90^ X C-24 


Experiment No 

1 

N-Methyl carbon 

Carbons 1 and 2 of ethanohmme 

2 carbon residue 

Specific activity, 
c p m per mg 
carbon X 10'‘ 

Per cent of ongmal 
specific activity in 
formate* 

Specific activity, 
c p m per mg I 

1 carbon X 10 ~^ 

Per cent of on^u! 
specific acliiitj u 
[ornate 

I 

8 1 

69 2 

4 1 

0 3a 

! 

7 8 

66 6 

1 3 9 

03? 

Ill 

7 7 

65 8 

1 5 3 

1 

0 4o 


* The specific activity of the adnumstered sodium formate-C'* was 1 17 X 10' 
c p m per mg of carbon 


Table II 

Distribution of xn Monomethylethanolamine from 
Neurospora, Strain 4'7904 X S8706 


Experiment No 

iV-Methyl carbon | 

i 

Carbons 1 and 2 of etbauolaiiiine 

2 carbon residue 

Specific activity, 
c p m per mg 
carbon X 

1 

Per cent of ongmal 
specific activity in , 
methyl of methionme* 

1 

Specific activity, 
cpmperni^ i 

carbon 

Per cent of ongiiul 
specific actiMt) n 
methyl of melhionioe 

I i 

II j 

2 07 

2 90 

12 7 

17 8 

am 



* The specific activity in the methyl group of the administered l methionine 
CHj'* was 1 63 X 10® c p m per mg of carbon 


senes of reactions in which foimate carbon becomes a labile methyl carbon 
It has not been possible in many experiments to state nnth certainty v bet cr 
the first appeal ance of a newly synthesized methyl is in chohne, m met a 
omne, or in a thetin The efficient transfer of specific activity from or 
mate to the methyl of monomethylethanolamine suggests that the 
tion of monomethylethanolamine from ethanolamine involves a reac m 
in which a foimate carbon becomes a labile methyl group These ^ 
are not in disagreement ivith the observed appearance of doubly a e 
methyl and deutenum) in tissue chohne following the adniims ra 
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in rats of similarly labeled methionme (16), since it is now ob^nous that the 
three successive methylations involved in the conversion of ethanolamine 
into choline need not involve the same precursois Also of mterest is the 
work of Berg (17) in ivhich it was shown that under anaerobic conditions 
guinea pig liver slices convert formate to the methyl group of methionme 
mthout choline and betame as obhgatory intermediates m this conveision 
Berg’s studies must involve an entirely different metabohc pathway for the 
conversion of formate to a labile methyl from that mvolved m the studies 
presented here 


SUMMARY 

Two double mutants of Neurospora crassa, 47904 X C-24 and 47904 X 
38706, were cultured on media contaimng formate-C^^ and n-methiomne- 
CHs’S respectively The monometh 3 dethanolamme isolated from such cul- 
tures was assayed for isotope activity The activity incorporated m the 
methyl moiety of this amine was much greater horn formate than from 
the methyl group of methiomne These findings suggest that formate is 
a more direct precursor of the methyl of monomethylethanolamme than is 
the methyl group of methiomne 

The author wishes to express his appreciation to hlrs Nancy Delava for 
expert techmcal assistance during the progress of these studies 
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The deoxyribonuclease of various tissues is not only intrinsically inter- 
esting, but this enzyme must be considered m the development and appli- 
cation of procedures for the isolation of undegraded deoxyribonucleic 
acids and nucleoprotems For this purpose it is particularly desirable to 
know the intracellular distribution of DNase^ and to have information 
concermng factors which modify the enzymatic activity The mtracellu- 
lar distribution of DNase has been studied (1-9) m various tissues of 
several ammals by a number of methods, with some variation m conclu- 
sions A part of this variation m results doubtless represents real differ- 
ences in the distribution of DNase wnth respect to the type of tissue and 
the species of ammal, but it seems hkely that some of the variabihty can 
be attributed to artifacts which arise from transposition of the enzyme from 
one particulate fraction to another, a source of error which may be more 
serious ivith one method of fractionation than another Schneider and 
Hogeboom (5) have reported that, in homogenates of mouse liver in 0 25 m 
sucrose, DNase is concentrated predominantly m mitochondria Kuff 
and Schneider (8) and de Duve et al (9) have found high specific activities 
of DNase m mitochondrial fractions of rat hver isolated in 0 25 m sucrose, 
but the latter authors have concluded that the DNase actually is con- 
tained in a special type of granule to which they have given the name 
lysosome It is not known whether the distribution of DNase of rat 
liver IS altered in the presence of calcium chloiide which is added to 0 25 m 
sucrose to yield a homogemzmg medium which is reported (10, 11) to ha\e 
particular advantages for the isolation of nuclei It is important to have 
this information in order to pernut isolation of nuclei under conditions 
vluch mil provide mimmal opportunity for DNase action on the DNP 
Maver and Greco (12, 13) reported that the DNase of calf spleen and 

* Supported by a grant-in-aid from the American Cancer Societj upon recom- 
viendation of the Committee on Growth of the National Research Council 

t Public Health Service Research Fellow of the National Cancer Institute, 1954-55 
’The following abbreviations are used in this paper DNA = sodium dco\%ribo 
nucleate, DNA-P = deoxyribonucleic acid phosphorus. DNP = dcoxi nbonuclcopro 
tu'n, DNase = deoxyribonuclease 
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thymus has optimal activity at pH 4 5 and thus diffeis maikedly from tlie 
DNase of pancreas Siebert et al (3) found that there are considerable 
vaiiations m the pH optima of the DNases of various oigans and tissues m 
different species of ammals, but they did not give the value for rat Jucr 
Greenstein et al (14) reported that the DNase activities of several tissues 
are decreased by dialysis of the extracts, and the activities are restored m 
vaiying degrees by the addition of inorgamc salts Webb (7) also com 
mented upon the effects of inorgamc salts upon the activity of the DNase 
of calf thymus, but a systematic study of the salt effects over a vide range 
of concentrations and mth a variety of salts seems desirable in order to 
deteritune whether the effects are attnbutable to general ionic strength 
changes oi to specific stimulations and inhibitions by certain ions 

The piesent work is concerned with a study of the distribution of DNa'o 
in cell fractions of rat hver in sucrose-CaCh medium and inth an unestiga 
tion of the effects of various mhibitors and of changes in pH and loiuc 
strength These studies provide information which can serve as a gindc 
in the isolation of nuclei under conditions which mimmize oppoituratj for 
changes in DNA and DNP by DNase action 

Methods and Makrtals 

Albmo lats, obtained from Carworth Farms, Inc , and maintained on 
a diet of Purina dog chow, were fasted for 16 hours pnor to lemoval of the 
hveis To determine the distribution of DNase, the hvers weie perfused 
zn situ with ice-cold 015 m NaCl followed by 0 25 m sucrose containing 
0 0018 M CaCls, and homogemzation and centiifugal fractionation in 025 
M sucrose-0 0018 m CaCh were performed at 2° essentially as described bi 
Schneider and Hogeboom (15) in the piocedure which involved the use of 
0 25 M sucrose without CaCh Nuclear (Nw), mitochondrial (MAV 2 )) and 
supernatant (Si) fractions were obtained (15) DNase activity vas de 
termined by spectrophotometric measurement of the production of acid 
soluble compounds fiom highly polymerized DNA" by a modification of 
the method of Schneider and Hogeboom (5) Assays of cell fractions vere 
pel formed at 37° m acetate buffer at pH 5 1 and lomc strength (r/2) 0 
mth a DNA concentration of 0 33 mg pei ml of the digestion mixture 
Magnesium was oimtted since this metalhc ion was not found to be re 
quired by the acid DNase of lat hver The digestion mixtures veie osci 
lated gently and continuously m oidei to prevent sedimentation of particu 
late fractions dunng the digestion penods, and samples vere remove a 
0, 0 5, 1, and 4 hours ® Piotem and DNA were precipitated munc la c 

DNA was isolated from calf thymus by the method of Kay, Simmons, 

Dounce (16) , ntenab 

3 When the DNase activities were low, the digestions vere follove 



EOTHEEHAM, SCHOTTELIUS, lEVIN, AND lEVIN 


819 


mth. cold 0 5 N peichloiic acid Aftei centrifugation, the optical densities 
of the supeinatant fluids were deteiinined at 260 mjn in a Beckman spec- 
tiophotometer, model DU The optical densities, corrected for the blank 
value at zeio time, weie diiectly proportional to the amount of homogenate 
added and to the time of incubation Specific DNase activities aie e\- 
piessed in teims of the change in optical density, referied to the original 
digest, at 260 m/z (ADzeo) per 30 minutes per mg of mtrogen per ml For 
the prepaiation of buffers, substiate solutions, and homogenates for DNase 
assay, the distilled water was passed thiough a mixtme of cation and 
anion exchangers^ to lemove traces of inhibitory ions (probably cupric 
ions) which weie present in the distiUed water 
In the studies on the DNP of nuclei, comparisons weie made of the 
methods of Hogeboom et al (11), Dounce (17), and Dounce et al (18) foi 
the isolation of nuclei Separation of the DNP into a fraction which u as 
soluble ni 0 05 M sodium citrate and one which was not soluble gave an 
indication of the extent of alteration of DNP which occuired during the 
isolation of nuclei and duiing subsequent peiiods of incubation in suciose 
solution In the incubation experiments, nuclei isolated by the method of 
Hogeboom et al (11) were washed four times, bj’’ means of the procedure 
described by these authors, foi the lemoval of imtochondiia and othei 
cytoplasmic fractions, and the washed nuclei then were suspended in 45 
ml of cold 0 25 M sucrose contaimng 0 00018 m CaCh The suspension 
was divided mto four 10 ml portions m 15 ml centrifuge tubes Each 
portion contained nuclei equivalent to those m 200 mg of fresh livei 
Two tubes weie centiifuged immediately at 800 X g foi 10 minutes to 
sediment the nuclei These nuclei ivere analyzed immediately foi total 
DNA-P and “citrate-insoluble DNA-P” as described below The other 
tubes were stoppered tightly and wmie placed in a hoiizontal position in a 
mechamcal locker m a cold loom at 5° Aftei 19 hours of gentle oscilla- 
tion, the nuclei weie sedimented by centrifugation, and the supernatant 
fluid was discarded The nuclei from one tube in each pair weie analy^zed 
for total DNA-P by the pioceduie of Schneider (19) with some modifica- 
tions adapted fiom the method of Ogur and Rosen (20) The nuclei m 
the othei tube in each pair wmre suspended m 10 ml of cold 0 05 m sodium 
citrate at pH 7 and wmre disintegrated by high speed stiiiing foi 5 minutes 
in a cold microcup of a Waiing blendor The contents of the cup weie 
oscillated in the cold room for 1 houi and then w^ere transfeiied quantita- 

during a 20 hour period In these cases "i drop of toluene was added to the digestion 
mixture to prevent bacterial grow th The slight ultraviolet absorption In dissoh ed 
toluene was adequately controlled b\ the zero time blanks 

^The ion exchanger was Deeminite which was used in the “deeniinizcr, Crxstal 
Research Laboratories, Inc 
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tivelj^ with citrate solution to a 25 ml plastic tube and centrifuged at 
15,000 X g Hi the multispeed lotoi of an Inteinational lefngerated centn 
fuge, model PR-l The sediment was exti acted a second time w itli another 
10 mi poition of 0 05 m sodium citiate, and the centnfugatiou was re 
peated The sediment then was analj'^zed foi DNA-P to yield the “citrate 
insoluble DNA-P” fiaction The values foi “citiate-soluble DNA-P" 
were obtained by diffeience between the total DNA-P and tlie citrate- 
insoluble DNA-P Direct analyses of the citrate extiacts foi DNA-P i\crc 
unsatisfactory as a lesult of the piesence of citrate and sucrose Houeicr 
in some cases the citiate extracts weie treated mth an equal volume of 
cold 1 N HCIO4 to precipitate protems and nucleic acids, and the jire- 
cipitates were collected by centrifugation and analyzed for DNA-P hr 
the methods (19', 20) mentioned above The experiments on the effect of 
added cytoplasm upon the DNA-P of incubated nuclei veie performed in 
a similar mannei after the addition of 1 ml of the total cytoplasnuc frac 
tion of a 10 per cent homogenate of rat hvei m 0 25 m suciose 

The pancreatic DNase, which was used foi compaiison vitli laflner 
DNase m a few expeiiments, was a ciystalline preparation obtained from 
the Worthington Biochemical Corpoiation o-Iodosobenzoic acid awl 
sodium p-chloiomeicuribonzoate weie obtained from the Sigma Chemical 
Company and were used without fuither puiification 

RESULTS AND DISCUSSION 

The data of Table I indicate that the distiibution of DNase activity in 
homogenates of rat hvei m 0 25 m sucrose-0 0018 m CaCh medium vas 
siimlai to that lepoited (5, 9) for homogenates in 0 25 M sucrose inthoiit 
CaCl 2 , , the DNase activity was concentrated piincipally in the nuto 
chondrial fraction However, the specific DNase activity of the mito- 
chondrial fiaction isolated in sucrose alone was somewliat greater flian 
that obtained unth nutochondna isolated in sucrose-CaCh, probably as a 
result m the latter case of contamination of mitochondiia vith microsomci 
which tend to aggregate and piecipitate in media vluch contain calcium 
(11) Fiom the viewpoint of the principal theme of the picsent paper, 
it IS important to note that the DNase activity of the niicleai fraction vas 
low Counts of nuclei, whole cells, and mitochondiia b}^ the tcchnif]ue 
of Shelton el al (21) indicated that the nuclear fraction contained appro|T 
mately 5 per cent of the total nutochondna of the homogenate, an ic 
latio of free nuclei to whole cells was 45 1 Consequently^ the wejm 
pait of the DNase activity’’ of the nucleai fraction could be attri 
the presence of whole cells and nutochondna, and it can be 
that the nuclei themselves piobably’’ aie devoid of DNase activi y ' , 
pies of nuclei which weie washed repeatedly’’, by’’ suspension in 
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•iose-0 00018 M CaClo and ceutufugation tluough a layei of 0 34 m 
iose-0 00018 M CaCls as descnbed by Hogeboom et al (11), were found 
->ve very small specific DNase activities (values of 0 5 to 1 8 in different 
I in : its) The DNase activity of the supeinatant fraction was only 
cent of tlie total activity of the homogenate, and at least a portion 
1 s activity may have lesulted fiom the lelease of soluble DNase from 
of the mitochondi la winch v ei e bi oken during homogemzation The 
'i‘?e activity of the supeinatant fraction was only shghtly greater in 
ogenates with suciose-CaCh than in those prepared with suciose 


Table I 

Distribution of DNase Activities m Fractions Obtained from Rat Liver 
Homogenates in 0 25 u Suciose 0 0018 a CaCh 
' ■ values reported are for 100 mg of perfused liver or an equivalent amount of 
fraction, and they are the averages of the assaj's and analj'ses of three homog- 
' DNase activities were determined at 37° in acetate buffei at pH 5 1 and 
strength 0 2 


Li\er fraction 

Total nitrogen 

i 

1 DNase activity 

1 

1 Total 

1 I 

Fraction of 
homogenate 

Specific 


ms 

ADieo per 30 
mm 

per cent 

aD so per jO 
mm per ms 

N per ml 

igenate 

2 55 

14 3 

(100) 

5 6 


0 252 

0 98 

6 9 

3 9 


0 726 

10 8 

75 5 

14 9 


1 53 

1 96 

1 

13 7 

1 3 

avery 


1 

96 1 



pture of mitochondria by fieezmg and lyophilization resulted in an 
ae in specific DNase activity of this fraction (from 15 to 26 units, 
I iple) DNase is readily extracted hy 0 16 M NaCl oi 0 05 m 
I 1 citrate fiom fiagmented nntochondiia Schneidei and Hogeboom 
’ve repoited similai inci eases in the DNase activity of mouse livei 
nondria as a lesult of sonic dismtegiation, and de Duve et al (9) have 
vaiioiis methods foi the release of DNase fiom nntochondiia 
’^sosomes) Lyophihzed nutochondna and nuclei veie used m the 
' c^its On the effects of pH and ionic strength upon DNase activity 
1 and 2) and in the studies on inhibitors (Table II) Optimal 
i')' vas noted at pH 5 1 vith both nucleai and nutochondiial piepaia- 
However, with both piepaiations a slight secondar}’’ use in activity 
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was observed at pH 6 8 to 7 3, and in tins range of pH the actmti m 
creased by magnesium ions (1 X lO'^ m) m contrast to the ab'^cnce of ati\ 
stimulatory effect by this ion at pH 5 The DNase actn ity at jiH 7 
abohshed by citrate (1 X 10~^ m) oi ethylenedianunetetraacetatc (1 X lO*’ 
m), but the activity at pH 5 w'as not inhibited by these chelating agent' 



Fig 1 Effect of pH upon the DNase activity of nuclei and mitochondrii of 
liver •, mitochondria in acetate buffer (r/2 = 0 2), X, mitochondria in occ a 
buffer (r/2 = 02), containing 1 X 10-’MMg++, O. mitochondna in phosphate l)U^ 
(r/2 = 0 1),©, mitochondria in phosphate buffer (r/2 = 0 1), containing 
M Mg++, nuclei in acetate buffer (r/2 = 0 2), □, nuclei m pliospn o 
(r/2 = 0 1), A, nuclei in phosphate buffer (r/2 = 01), containing 1X1 

unless they w^ere added m amounts Avhich were large enough to 

unfavorable lomc strength It seems probable that there are t\\ o c i 

DNase enzymes m lat liver, an “acid” DNase which does not ^ 

nesium ions and a “neutral” DNase which does 

kowski (22) have reported the presence of an acid and a neiitra i 

veal kidney, and Allfrey and Mirsky (6) have found bot i eiizi 

pancreas 
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The acid DAase activity of lat liver is markedly dependent upon lomc 
strength (Fig 2) At pH 5 in eithei acetate or citiate buffeis the specific 
activity IS veiy slight at low lomc stiength, it increases to a maximum at 
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Ionic Strength 

Pig 2 Effect of lomc strength upon the DNase activity of nuclei and mito- 
ondna of rat liver and upon the activity of cr 3 'stalline DNase of calf pancreas 
nntochondria in acetate buffer, pH 5, O, mitochondria in citrate buffer, pH 5, 
nuclei in acetate buffer, pH 6, □, nuclei in citrate buffer, pH 5, A, crystalline 
acreatic DNase (5 y per ml ) in phosphate buffer (0 016 m), pH 7, 0 0033 ii Mg^, 
uc strength varied with NaCl 


c Strength 0 15 to 0 2 and then declmes at higher values and is prac- 
ally zero above lomc strength 0 8 V alues are slight^'' lov er m citrate 
u in acetate buffers, but the specific effect of citrate ion is small Ac- 
ity-ionic strength curves similar to those shovm in Fig 2 v ere obtained 
®n the lomc strength vas varied with sodium chloride, potassium 
oride, or potassium sulfate The variations m activity appear to be 
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attributable to changes m ionic stiength rathei than to specific efTects of 
ceitam ions In contrast to the acid DNase of liver, the neutral DKasc of 
calf pancreas has maximal activity at low lomc strength, and the actm(\ 
dechnes almost hneaily with increasing ionic stiength (Fig 2) Similar 
results A^^th pancreatic DNase weie leported by Kumtz (23) from meas 
urements which were lestiicted to a more hunted lange of ionic strength 
Mavei and Greco (13) reported that the DNase of calf spleen and tln- 
mus is inhibited by p-chloromercuribenzoate Webb (7) found little 
inhibition of calf thjnmus DNase by sodium o-iodosobenzoate The data 
of Table II mdicate that the acid DNase activity of rat liver mitochondna 
is decreased to less than 50 per cent of control values by p-chloromer 


Table II 


Effect of Various Inhibitors upon DNase Activity of Rat Liver 
Mitochondria at S7° and pH 5 in Acetate Buffer 

r/2 = 0 15 


Inhibitor 

Specific actiMt) 

if 

^Dm-perSOmxn ttrni 

N per ml 

None 

25 7 

o-Iodosobenzoate, 1 X 10"'* 

23 9 

“ 1 X 10"= 

22 0 

p-Chloromercunbenzoate, 5 X 10"^ 

17 8 

“ 1 X io-» 

10 2 

Cystine, 1 X 10"’ 

23 8 

Cu++, 1 X 10"* 

11 6 

“ IX 10"’ 

3 4 

“ IX 10-2 

0 4 


curibenzoate at a concentration of 1 X 10“® m, but the actmty is on } 
shghtly affected by similar concentrations of cystine and o-iodosobenzoatc 
Thus, it IS questionable whether the activity of the acid DNase of rat n 
is dependent upon thiol gioups, but judgment should be reserve un i 
similar studies are made vuth the isolated enzyme Webb (7) repor 
that calf thymus DNase is strongly inhibited by cupric ions at 
The acid DNase activity of rat hver mitochondria also is very sensi i\c 

cupnc ions (Table II) , Ip, 

The data of Tables III and IV mdicate that m freshly preparca n 

an appreciable percentage of the total DNA-P is soluble m 0 M f°T)XP 
citrate Inasmuch as highly poljmienzed, fibrous ° p^ob 

of rat hver are practically insoluble m 0 05 M sodium citrate, i 
able that the DNA-P of rat hvei nuclei which can be j b) 

solvent may correspond to a partially degraded DNP whic is p 
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DNase action duiiug the isolation of the nuclei This conclusion is sup- 
poited by the obseivation (Table III) that the citiate-soluble DNA-P 
jnci eases in amount duiing the incubation of the nuclei at 5°, particularly 
when cytoplasmic fi actions aie added to the medium A considerable 
fraction (30 to 80 pei cent in diffeient experiments) of the citrate-soluble 
DNA-P can be piecipitated fiom the citrate extracts with cold 0 5 n HCi 04 , 
consequently, the extent of the degradation may not be great However, 
the degiadation which occuiied probably involved the DNA portion of the 
DNP, since otheiwise the DNA would have been almost completely pie- 
cipitable by acid fiom the citiate extracts This conclusion has been con- 

Table III 

Increase in Cilrate-Solublc DNA-P during Incubation of Rat Liver Nuclei at 5° 
Averages of four evpenments Each incubation mixture contained nuclei equiv- 
alent to those in 200 mg of liver The nuclei were isolated by the method of Hoge- 
boom et at (11) 


Incubation mixture 

Duration 
of incu 
bation 

Total 

DNA-P 

Citrate- 

insoluble 

DNA-P* 

Citrate-soluble 
DNA-P (by difference) 


hrs 

y 

y 

r 

fer cent 
of total 

i^uclei m 10 ml of 0 25 m sucrose- 

0 

39 2 

33 3 

5 9 

15 

0 00018 M CaCl2, pH 6 4 

19 

38 3 

29 5 

8 8 

23 

'Nuclei in 10 ml of 0 25 m sucrose- 

0 

39 6 

32 9 

6 7 

17 

0 00018 u CaCh, with 1 ml of cjTo- 
plasmic fraction,) pH 6 4 

19 

33 4 

18 4 

15 0 

45 


* DNA-P which was not extracted from disintegrated nuclei by 0 05 M sodium 
itrate at pH 7 

t Cytoplasmic fraction of a 10 per cent homogenate of rat liver in 0 25 M sucrose 


’ > 'pd by isolation from the citrate extracts of a deoxypentose polynucleo- 
jc of low mtrmsic viscosity However, the possibility has not been 
*cluded that some degradation of the protein poition of the DNP may 
^ve occurred also In this connection it should be mentioned that de Duve 
al (9) have reported that lysosomes contain a major part of the cathep- 
. activity, as well as the DNase activity, of sucrose homogenates of rat 
The formation of the citiate-soluble DNA-P appears to be more 
'pid during the early stages of the isolation of the nuclei than during sub- 
quent periods of incubation of the nuclei in sucrose-CaCh medium in 
absence of added cytoplasmic fractions Thus, the citrate-soluble 
'^A-P -was 15 per cent of the total DNA-P immediately after the nuclei 
- isolated and washed, and it was only 23 per cent of the total after 19 
mrs of incubation at 5° m the absence of cytoplasmic fi actions (Table 
I) It seems possible that a portion of the citrate-soluble DNA-P pre- 
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exists vithin the nucleus prior to homogenization However, inasiniicli 
the DNase of lat hver is located principally mtlnn the mitochondna {or 
lysosomes (9)), the DNP is most subject to attack by this enzyme dunag 
the homogemzation and during the interval piioi to completion of the 
fiist centiifugation foi the separation of nuclei fiom cytoplasmic fraction 
For the preservation of the DNP it is essential to homogenize the Incr b\ 
proceduies which mil cause minimal tiauma to mitochondria and to 
nuclei We have found that prolongation of the peiiod of homogemzation 
beyond the 2 imnute interval recommended by Hogeboom ct al (11) m 
Cl eases the citrate-soluble DNA-P The medium foi homogenization 

Table IV 

Average Content of Total, Citrate-Insoluble, and Citrate-Soluble DNA P 
in Nuclei Isolated from Rat Liver by Various Methods 

The values are the averages of four determinations by each method except flie 
first, in which six determinations are represented 



pH of 
homogenate 

DNA-P per nucleus (mg X I' 'I 

Medium for homogemzation 

Total 

Citrate 

msoluble’ 

Cllnt^ 
soluble (Ij 
diffeit ct) 

0 25 M sucrose-0 0018 m Cadet 

6 4 

8 4 

6 3 

21 

0 25 “ sucrose-0 0018 " “ pH 7 0 

6 8 

7 6 

6 5 

1 1 

Citric acid, pH Of 

6 0 

7 8 

3 6 

4 2 

0 44 M sucrose-citric acid, pH 6 2§ 

6 2 

7 2 

5 3 

] 9 


* DNA-P which was not extracted from disintegrated nuclei by 0 05 M sodium 


citrate at pH 7 

t Method of Hogeboom, Schneider, and Striebich (11) 

X Procedure of Bounce (17) 

§ Method of Bounce et al (18) 

should be one which causes mimmal damage to imtochondrial and nuclear 
membranes and xvhich provides an unfavorable pH for the action of aci( 
DNase In oui hands, the medium described by Hogeboom et al (11) 
quite satisfactory for this purpose, particularly when the mediurn "a- 
adjusted to an imtial pH of 7 (Table IV) Homogemzation m i u ® 
citric acid (17) at pH 6 yielded nuclei xvith a high percentage o ci ra c 
soluble DNA-P (Table IV) This medium damages mitochondria (i J 
and provides a pH which is favoiable for some DNase actnnty 
and Monty (24) have reported that nuclei isolated from 
citric acid at pH 6, or m 0 25 m sucrose with use of the Wanng en o 
to form gels in dilute alkah, and they have attributed this ^ ^ 
the DNP which occurs durmg the homogemzation and iso a ^ 

nuclei Dounce et al (18) concluded that this change m ic 
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suited fiom the action of a nntochondiial enzyme which may not be 
DNase Howevei, it appeals that the possibihty of some DNase action 
was not excluded Nuclei isolated fiom rat hver homogenates by the 
lecently described method of Bounce et al (18) aie capable of foimmg gels 
m dilute alkah (18, 24), and they contain only small percentages of citrate- 
soluble DNA-P (Table IV) It has been oui expeiience that nuclei iso- 
lated fiom lat hvei in 0 25 m sucrose-0 0018 m CaCh (11) also foim gels in 
dilute alkah 

If nuclei aie to be used for the isolation of DNP, it is not only important 
to avoid damaging nuclear and mitochondrial membranes and to maintain 
conditions which are unfavorable foi the activity of DNase, but also essen- 
tial to wash the nuclei lepeatedly m fresh medium to remove lesidual 
mitochondria and to obseive additional precautions durmg subsequent 
extraction of DNP Foi example, we have found significant DNase 
activity in pieparations of nuclei (11) aftei foui washings m sucrose-CaCh 
This residual DNase is almost completely extracted by cold 0 05 m sodium 
citrate at pH 7 when the nuclei are disintegrated by a brief period of high 
speed homogemzation m this medium foi the removal of other proteins 
pnor to extraction of DNP mth 1 m NaCl Consequently, the duration 
of the first extraction mth 0 05 M sodium citiate should be brief to imm- 
imze exposure of the DNP to DNase action Fortunately, the pH and 
ionic strength of the 0 05 m sodium citrate solution are unfavorable for acid 
DNase action, and citrate inhibits neutial DNase activity Therefore, 
citrate solution is preferable to 0 15 m NaCl for the extraction of other pro- 
teins prior to extinction of DNP Aftei lemoval of residual DNase and 
other extraneous protems by several extractions with 0 05 m citrate, a por- 
tion, at least, of the DNP can be exti acted fiom the citrate-insoluble residue 
ivith 1 m NaCl and isolated by the general procedure of Mirsky and Polhstei 
(25) as modified by Petermann and Lamb (26) Any residual DNase 
of either type would be mactive duimg extinction of DNP vuth 1 m NaCl 
by reason of the high lomc strength (Fig 2) With such precautions we 
have been able to obtain from lat hvei nuclei, isolated m sucrose-CaCL, 
fibrous pieparations of DNP which yielded high values of specific viscosity 
in 1 M NaCl For example, one preparation of DNP m 1 m NaCl gave a 
value of 610 for 7 ?sp (P) (27) at 25° for a concentiation of 15 y of DNP 
phosphorus per ml The N P ratio (by weight) was 3 65 and e (P) (28) 

t 260 mu = 6700 This preparation of DNP involved a 12 hour penod 

f extraction of the disintegrated nuclei vuth 1 m NaCl at 5 Approxi- 
nately 35 per cent of the total DNA-P remained unextracted from the 
luclear fragments at the end of this period Bounce et al (18) have called 
ittention to the difficulty mvolved in the extraction of DNP from nuclei 
vhich have been protected from the action of enzjones On the other 
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hand, we have confiimed the obseivations of Luck el al (29) that rat 
liver nuclei isolated in dilute citiic acid at pH 6 yield noii-fibrous prcpm 
tions of DNP vith lelatively low values of specific viscosity Tlie LkP 
IS more readily extracted by 1 m NaCl from nuclei isolated in dilute cilnc 
acid than fiom those obtained from sucrose-CaClo homogenates Further 
work obviously is reqmred to determine which type of DNP preparation 
corresponds to “native” DNP The pioblem of degradation of DNP ami 
DNA during isolation has great bearing upon curient efforts to stiidi tlie 
heterogeneity of these macromolecules, since even a slight degree ofdcgrada 
tion could produce consideiabie heterogeneity 

SUMMARY 

The major portion of the deoxyribonuclease (DNase) activity of rat Incr 
was found to be associated mth the mitochondrial fraction of homogenatf 
prepared in sucrose-CaCL, as well as those obtained with 0 25 Ji mm 
by the method of Schneider and Hogeboom For the principal Dha'o of 
rat liver, a pH optimum of 5 1 was observed, and the activity at thispll 
was not increased by low^ concentrations of magnesium ions At tlu« pll 
the DNase activity wms slight at low lomc strength, it reached a n:a\iniiim 
at ionic strength 0 15 to 0 2 and then declined at higher values and \s‘\> 
practically zero above ionic strength 0 8 A slight secondai y i ise in DIulc 
activity was noted at pH 6 8 to 7 3, and m this range of pH low concenlra 
tions of magnesium ions increased the activity The DNase activity at 
pH 5 was inhibited by cupric ions and by p-chloromercuribenzoate, but i\as 
not significantly inhibited by o-iodosobenzoate or cystine 

Rat hver nuclei, isolated by several methods, contain a significant 
amount of the total deoxyribonucleoprotein (DNP) in a form which per 
nuts extraction of a portion of the sodium deoxyribonucleate (DNA) from 
the disintegrated nuclei wnth 0 05 m sodium citrate This citrate-sohib c 
DNA increases when the nuclei are incubated m fresh homogenizing me 
dium at 5°, and the rate of increase is accelerated wLen cytoplasmic rnc 
tions are added This fraction of the DNA was found to be partia ' 
degraded, but the possibility wms not excluded that some alteration a 
had occurred m the accompanying protein This criterion of degra a ma 
of DNP wms utilized in a comparison of several methods for the iso a 
of nuclei m relation to the use of such preparations as starting ma cr 
for the isolation of DNP 
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STUDIES ON THE NATURE OF THE AMINO ACID 
INCORPORATION PROCESS OF 
HEN OVIDUCT TISSUE 

By RICHARD W HENDLER* 
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(Received for publication, May 24, 1956) 

A number of lecent investigations have been concerned vuth the relative 
localization of ribonucleic acid and of protein-synthetic processes vithin 
specific structural components of cells (1-9) The results thus far have 
shoira that, after incorporation of radioactive ammo acids in vivo or in 
vitro, the radioactivity is concentrated mainly in the small cytoplasimc 
particles called microsomes Preparations of isolated microsomes have 
also been shown to be most active in incorporatmg labeled anuno acids 
The nucrosomes also account for most of the ribonucleic acid (10-13) of 
the cells, and this correspondence of ribonucleic acid content and ammo 
acid-incorporatmg ability is m accord with a proposed relationship be- 
tween these two properties (1, 2) 

The present paper describes experiments performed vith a tissue highly 
speciabzed ivith respect to protein synthesis, the oviduct of the laying hen 
These results also demonstrate a relationship between ammo acid-mcor- 
porating abihty and ribonucleic acid content, but, m contrast to other 
tissues studied thus far, imcrosome-hke material in this tissue has been 
found to sediment m low centrifugal fields (<600 X S' m less than 10 min- 
utes as opposed to 20,000 X S' or greater for 1 hour or longer (13)) Cheroi- 
cal and cytochemical examinations have shoivn that the bulk of the C3T0- 
plasrmc basophdia of the cells is contained m this sedimenting fraction 

It has been determined further that this fraction has the greatest tend- 
ency to lose previously incorporated anuno acids w hen the specific activitj’’ 
of the free anuno acid pool is lowered during the incubation In contrast, 
the more soluble proteins continue to increase m specific actmty during 
the period of incubation m the medium in which the specific activity is 
lowered 


EXPERIMENTAL 

Tissue System, Medium, and Incubation — Hen oviducts obtained from 
laying hens vere imnced with scissors m the cold and incubated m a gas- 

* Part of this work was performed as a Fellow of The National Foundation for 
Infantile Paralysis 
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equilibrated medium (95 per cent O 2-5 per cent CO 2 ) (14) Vihch had \h 
following final concentrations NaCl 0 033 m, KCl 0 072 m, KallCO 
NaHC’^Os 0 040 m, glucose 2 gm per liter, and phenol red indicator solu 
tion 2 ml per liter was added to the gas-equihbrated medium a^ 

NaHC^^Os 5 gm of tissue were gently shaken mth 12 5 ml of medmui 
at 37° for 2 hours unless otheiwise stated 

Fractionation without Sucrose — ^After incubation, the suspension 
centrifuged at about 1000 to 2000 1 p m and washed once \nth uafer 
The soluble extracellular proteins were precipitated from the supernatant 
fluid by the addition of alcohol to 70 per cent The washed tissue mince 
was homogemzed for two 2 minute penods with half its volume of distilled 
water in a Potter-Elvehjem glass homogenizer which was immersed in an 
ice bath Microscopic examination has shown that at least 90 per cent of 
the cells was broken by this procedure ^ The homogenate v as centrifuged 
at about 1000 to 2000 r p m for 2 minutes The pellet was n ashed Hine 
times vuth distilled nater and is referred to heie as the cell debris (CD) 
The supernatant fluid obtained by centrifuging the homogenate uas ad 
justed to pH 5 mth 1 m acetic acid and brought to 40 per cent saturation 
with solid ammonium sulfate (AMS) (40 per cent AIMS precipitate) Ttif 
proteins soluble in 40 per cent ammomum sulfate were precipitated bj tk 
addition of trichloroacetic acid (TCA) to about 8 per cent final concen 
tration Pure egg albumin was isolated by isoelectric crystallization from 
the 40 per cent AMS-soluble fraction (14) This piotem was then crjsta! 
hzed three times after the addition of earner Plakalbumm n as obtained 
from the egg albumin by enzymatic degradation mth Baalhis sttMifis 
enzyme (14) 

Fractionation with Sucrose — ^The tissue was minced either m the buffer 
used for incubation or in ice-cold 0 25 m sucrose In the former case, 
excess buffer was lemoved by centrifugation, and in the latter case a sepa 
rate sucrose wash was used to exclude all traces of external salt The 
tissue obtained m both instances ivas homogemzed m about 5 Yolumcs 0 
ice-cold 0 25 M sucrose and fractionated by differential centrifugation s~ 
described by Schneider (13) For the tissue fractionated after incubation, 
the same procedure was followed with and without first cashing in -o '' 

sucrose ^ 

Determinations of Ribonucleic Acid — 1 ml aliquots of suita > ^ 
homogenate and of the various protein fractions described a oi^c u 
precipitated ivith 1 ml of cold 1 N HCIO 4 and washed once 11 d - ^ 
cold 1 N HCIO 4 Aftei the above piecipitation and extraction, / 

1 N HCIO 4 and 2 ml of oicinol reagent nere added to each samp 
suspensions vere boiled foi 30 minutes m a vater bath T le 

^ Hendler, R W , and Glenner, G , unpublished data 
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prepared before use by dissolving 10 mg per ml of orcinol m a stock solu- 
tion of 0 4 pel cent feme ammonium sulfate m concentrated HCl (15) 
After lemoval of precipitated protein by centrifugation, the optical density 
was deternuned at 660 mp, and the values obtained vere corrected for the 
reagent blank 

Preparation of Proteins for Determinations of Radioactivity — The proteins 
were precipitated by adding a 10 per cent TCA solution to a final concen- 
tration of about 8 per cent, and the precipitate was washed four times m 
5 per cent TCA and the second wash heated at 95° for 15 nunutes The 
proteins were then w^ashed once wnth absolute alcohol and three times with 
a 3 1 mixture of alcohol and ether, wuth 5 minutes heating at 65° during 
each alcohol-ether w^ash Finally, the proteins were w'ashed once w-ith 
absolute ether and then plated from an absolute ether suspension on 
previously w eighed planchets of 1 54 sq cm area The radioactivity of 
the planchet dried in air w'as determined wnth a thin window'- Geiger- 
Muller counter, sufficient counts being taken to give less than 5 per cent 
statistical erroi Corrections weie applied for self-absorption by using an 
empirical cuive obtained for BaCOa In several cases it wms further deter- 
mined that the proteins so treated retained their radioactivity after being 
dialyzed 24 houis at room tempeiature in a solution of 1 m NH 4OH made 
up in 60 pel cent dimethyl formaimde ^ 

Removal of Radioactivity befoie Continued Incubation to Lower Specific 
Activity of Amino Acid By Gas Exchange — After 2 houis of incubation, 
the w'ell agitated flasks w'ere flushed with 95 per cent O2-5 per cent CO2, 
and flushing wms continued throughout the rest of the experiment 

By Medium Exchange — After 2 houis of incubation, the contents of the 
flasks w'ere gently centrifuged (about 1000 r p m ), washed in buffer, and 
resuspended in either unlabeled buffer, radioactive buffer, or unlabeled 
buffer in wffiich hen oviduct nunce had been incubated for 2 hours 

Results 

Sedimentation of Ribonucleic Acid and Incorpoiated Radioactivity — It has 
been consistently observed (see Tables I to III) that, in incubations of hen 
oviduct mince wuth radioactive CO2, w'hich mainly labels glutamic and 
aspartic acids, and wuth radioactive glycine, phenylalanine, valine, and 
alamne, the cell debris accounts for the major fraction of incorporated 
aniino acid The specific activity of this material is usually appreciably 
higher than that of the other fractions Since it is known that this frac- 
tion represents a mixture of proteins, it might be expected that subfrac- 

* It IS worth mentioning that the dial}'sis casing itself liberates a wide spectrum of 
nmhydrin-reactive mateiials which have a maximal optical density between 270 and 
2S0 HI;! 
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Table I 

Coinpanson of Fraclions* Obtained by Water and Sucrose Frachomlion 


1 

1 

1 

Fraction 

C p m 
perms i 

Total 

ras 

Per cent 
homogen 
ate bj 
weight 

Total 
c p m 

X io> 

Per cent 
homogen 
ate b> 
cpm 

Pcrct-t 

of to j1 
R.\A| 

Sucrosef 

CD 

30 

363 

45 1 

10 9 

68 

72 


Mitochondria§ 

32 

42 


1 34 

8 

4 


Microsomes§ 

33 

21 

3 

0 68 

4 

2 


Supernatant 

8 2 

385 

47 

3 16 

20 

4 

Water 

CD 

33 

304 

46 

10 0 

61 

70 


40% AMS ppt 

17 

i 348 

1 52 

6 0 

37 

17 


40% AMS-soluble 

18 6 

15 

2 

0 28 

2 1 

2 


* All incubations were earned out -vsitli intact cells, the fractionation being ac 
complished after incubation 

t The ribonucleic acid (RNA) distributions ivere made uith a portion of theniincc 
hich was not incubated 

t The sucrose preparation was minced in a salt buffei and then, after tkbj’itr 
■n as removed by centnfugation, was fractionated in sucrose as described in (hcltii 

§ These terms refer to the material which sedimented in fractions v hich, b\ ani! 
ogy to other tissues, would be so classified, but do not imply identity to these 'tnif 
tures from other tissues 


Table II 


Fractions* Obtained from /Swerosef with Complete Exclusion of External Salt 


1 







Per tt-t 

1 




Per cent 

Total 
cpm 
X 10« 

Per cent 

dislrilo 

1 

1 

Fraction j 

1 

Cpm 
per mg 

Total 

mg 


homogen 
ate o> 
cpm 

j 

non o! 
lotil 

ribonuclti 

aadt 

C'^Oa-meubated 

CD 

16 

245 

50 

3 92 

66 

605 


Mitochondriad 

26 

36 

7 

0 94 

16 

5 

4 

6 

695 


Microsomesjl 

34 

26 

5 

! 0 88 

15 


Supernatant 

6 

186 

38 

0 23 

4 

Glycine'C*^-incu- 

CD 

40 

245 

50 

9 80 

60 

bated 

Mitochondriall 

87 

36 

7 

3 13 

20 

5 


Microsomesil 

92 

26 

5 

2 39 

15 

4 

g 


Supernatant 

19 

186 

38 

0 72 

4 



* All incubations were carried out vith intact cells, the fractionations icing « 

complished after incubation , 

t Tissue was minced, washed, homogenized, and fractionated in 0 25 u sner a 

described in the text ncci'h'fl' 

J The ribonucleic acid distributions were made with a portion of the nii 

was not incubated 

§ After 2 hours incubation, 76 per cent appears in this fraction ^ 

II These terms refer to the material which sedimented in fractions v> 
ogy to other tissues, w ould be so classified, but do not imply identitj o 
tures from other tissues 













COUNTS/MINUTE/ 


Table III 

Genciahty of Annuo Acid-Incorporahng Ability of Cell Debri‘t 


Traction 

Glycine 1 

1 

Phenylalanine 

i 

C p m j 
per niff 

Total 
c p m * j 

Pet cent 

[ , 

C p m 
per mg 

1 

Total 
c p m • 

Per cent 

CD 

224 

17,000 

60 

60 

4550 ’ 

56 

40% AMS ppt 

131 

7,070 

25 

42 

2270 

28 

40% AhlS-soluble 

94 

4,230 j 

15 1 

28 1 

1260 1 

15 

Soluble extracellular 

29 

50 1 

1 

02 1 

1 

03 1 

1 5 1 

0 1 

1 

Valine ^ 

Alanine 

CD 1 

594 , 


54 1 

54 1 


76 

40% AIMS ppt 

450 

Wm 

29 1 

16 

865 

16 

40% AMS-soluble ' 

315 ' 

mm 

17 

7 5 

340 

6 

Soluble extracellular 

6 7 

mm 

0 1 1 

5 9 

no 

2 


* Based on the average weight of each fraction in this experiment, CD, 76 mg , 
40 per cent AhlS precipitate, 54 mg , 40 per cent AMS-soluble, 45 mg , soluble extra- 
cellular, 18 mg 



Fig 1 Specific activity of free glutamic (lighter lines) and aspartic acids (hear ler 
^•nes) as a function of time of incubation of hen oviduct mince with C‘^0 The 
'lotted lines, which start at 2 hours, represent the specific activities of free glutamic 
(lighter lines) and aspartic acids (heavier lines) as a function of time during w hich 
onlabeied 95 per cent Oa-S per cent CO* was flushed through the medium These 
data correspond to the experiments of Fig 4 
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tionation would 5ueld certain components having a markedl}' higher specific 
activity than that determined for the whole fraction It is intercsfint' fo 
note that, when rigid steps were taken to exclude all external salt '’(lie 
material sedimenting under high speed centrifugation (microsomes, b\ 
analogy to hver) showed a higher specific activity than the average for fho 
cell debris fraction (Table II) This microsome-hke fraction, houcier, 



TIME OF INCUBATION IN HOURS 

Fig 2 Specific activities of free glutamic (O) and aspartic acids (•) as a func 
tion of time of incubation of hen oviduct mince with The dotted lines, vrbicn 

start at 2 hours, represent the specific activities of free glutamic (lighter line) an 
aspartic acids (heavier line) as a function of time after the medium vas replaced at 
2 hours with a fresh labeled medium for the control, and a fresh unlabeled medium or 
the expenment These data correspond to the experiment of Fig 5 


represented only a small portion of the total incorporated radioactnd' 
These results suggest that the high specific activity of the cell debris rac 
tion may be due in part to potentially separable “microsome-like nn 
tenal . . 

Contrary to results obtained ivith other tissues, it may be seen 
the tissues of the hen oviduct, material which corresponds m ri 
acid content and amino acid-mcorporatmg abihty to 1^,,, 

ments easily in low centrifugal fields The cell debris 
nearly all of the ribonucleic acid, as determined by the oremo me 
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cytochenucally^ by affinity for basic dyes before and after ribonuclease 
treatment These results were essentially independent of the method of 
fractionation 

The radioactivity of the cell debris proteins, obtained after incubation 
ivith C'^Oz, was completely locahzed m the ammo acids, principally glu- 
tamic and aspartic acids, isolated from the hydrolyzed protein by chroma- 
tography on Dowex 50 ^ This radioactivity was not removed by hot TCA 



was incubated in the fully radioactive medium The lines, which start at 2 hours, 
represent specific activities of aspartic acid as a function of time, during which un- 
labeled CO 2 was passed through the medium (O), and after the medium was replaced 
at 2 hours with a fresh unlabeled medium (A), and an unlabeled 2 hour incubated 
medium (□) B, information is the same for glutamic acid as under A for aspartic 
acid These data correspond to the experiment of Table IV 

or waim alcohol-ether, or by dialysis for 24 houis against 60 pei cent di- 
methyl formamide in 1 n NHiOH 

That the radioactive ammo acids m the piotem fraction weie not merely 
physically adsorbed was further indicated by the observation that, 111 the 
free amino acid pool, the total and specific radioactivity of glutamic acid 
"as greater than that of aspartic acid, whereas m the protein hydrolysate 
this situation was reversed 

Ammo Acid-Incorporating Activity of Cell Debris Fraction in Relation to 

’The author is indebted to Dr David R Kominz of the National Institute of 
Arthntis and Metabolic Diseases for performing this fractionation 
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That of Other Frachons— The rates of labeling of the free glutamic and 
aspartic acids during the incubations are shovTi in Figs 1, 2, and 3 Fjcr 
4 and 5 and Table IV show the corresponding kinetics of labeling for cadi 
protein fraction 

An initial lag period in the late of labehng is generally noticeable for 
the ovalbumin (or plakalbumin) and extracellular protein fraction Thn 
lag resembles that described by Peters (16) and attnbuted by him to the 



TIHE(HOURS) 


Fig 4 Three protein fractions O, the cell debris (CD), A, the proteins prc 
cipitated at pH 5 by 40 per cent saturation with (NH 4 ) 2 SO< (AMS precipitate), A, 
the extracellular soluble proteins (ES) At 2 hours, the specific activity of the free 
amino acid pool was lowered by bubbling unlabeled CO 2 through the medium Sec 
Fig 1 for the specific activities of the free amino acids The branching at 2 hou^ 
represents a control (upper branch) and experimental (lower branch) fraction 0 
tamed after incubation in fully radioactive medium and medium of reduced spcci c 
activity, respectively 

possible passage of label through precursors before entering these protein^ 
A lag IS not observed for the cell debris proteins and only slightly for tie 
fraction precipitable by 40 per cent of ammomum sulfate saturation 
those cases in which incubation was continued after the specific ac in 
of the ammo acid pool had been lowered, it may be seen (Figs 4 an ^ 
and Table IV) that the cell debris proteins were affected the mos , an^ 
that they actually decreased in specific activity in four out 0 t le 
expenmental cases studied On the other hand, amino acid 
continued at an appreciable rate into the ovalbumin and extracc 


^ See also Ziegler and Melchior (8) 
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protein fraction, as reflected by the increase in speciflc activity of these 
fractions during incubation in the medium of loiiered specific radioactivity 



0 2 5 10 

TIME (HOURS) 


Fig 5 Four protein fractions, of which three are identical to the ones in Fig 4 
and the fourth is pure crystalline egg albumin (Ea) At 2 hours the specific activity 
of the free ammo acid pool was altered by replacing the medium ith a fresh C'^Os- 
containing medium for the control and a fresh C’^Oj-containing medium for the ex- 
perimental fraction See Fig 2 for the specific activities of the free amino acids 
The curves swing abruptly up at 2 hours and the AMS precipitate and CD curves cross 
at 5 hours because the diluting bulk of soluble proteins v as removed ?t 2 hours The 
branching at 2 hours represents a control (upper branch) and an experimental (lower 
branch) fraction obtained after incubation in fully radioactive medium and medium 
of reduced specific activity, respectively 

DISCUSSION 

The correlation between the ribonucleic acid content and the ability to 
incorporate radioactive aimno acids, which has been found for other tis- 
sues, IS also apparent in the oviduct However, it is shown that, although 
file material previously demonstrated to account for these charactenstics 
lias sedimented only wnth difficulty in relatively high centnfugal fields 
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(>20,000 X g), corresponding material m this tissue sediments ouitr 
easily (<600 X g m a few minutes) 

The possibihty cannot be eliminated that, in this tissue, some hitherto 
undescribed process is responsible foi the artificial clumping of microsomc, 
out of solution External salt was ehimnated as a possible clumping agent 
by the fractionations in sucrose Removal of the connective tissue before 
fractionation did not alter the basic distiibution pattern of iibonucleicacid 
and radioactivity The pH of the albumin-secieting region of the onduct 

Table IV 


Rate of IncoTforaiion of Radioactivity into Different Protein Fraclmi 
and Effect of Reducing Specific Activities of Precursors 


Tune 

Cell debris 

40% AMS ppt 

Plalalbumm 

EitocdlAr 

supemiUtl 

prolcu 

ffJIM 

j 




45 

44* 

38 , 

9 


^rs 





2 f 

145 

128 

35 , 

4 

5 

355 

273 

110 

IT 

10 

624 

588 

246 

53 

5t (Gas) 

267 

248 

73 

21 

10 

205 

369 

102 

46 

5t (Medium A) 

147 

142 

52 

15 

10 

170 

200 

61 

25 

6t (Medium B) 

140 

134 

62 


10 

132 

229 

86 



* All the figures are m counts per minute per mg of protein 
t Starting at 2 hours, unlabeled (95 per cent 02-5 per cent CO 2 ) gas vas pa-' c 
through the remaining flasks in the gas exchange experiment In the expenracnl 0 
Medium A the mince was centrifuged and resuspended in a 2 hour incubated un 
labeled medium and in Medium B the mince was resuspended in fresh unla cc 
medium These procedures are more fully described under "Experimental 

has been reported to be 6 3 to 6 6 (17) , thus, clumping due to the effecis of 
extreme pH appears to be eliminated 

Recent papers have described a lace-hke continuum found in t e 03 0 
plasm of many cells (18-21) This network has associated vith it in 
basophilic small particles of microsomal nature, and appears ^ 

for the basophilic properties of the cytoplasm The endoplasmic re icu > 
as this network has been called, provides a basis for considering je 
of this paper and for reconciling them vuth previous vork on e ^ ^ 
floating submicroscopic microsomes Microsomes may j ^ 0 ; 

part of, or in association xvith, this network. In the case 0 n cr 
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tissues, m which free microsome preparations uere readilj^ obtained, they 
could have been dissociated from other structural elements durmg frac- 
tionation Alternatively, the degree of association between “microsomes” 
and network may vary for different cells, with hepatic cells representing a 
type vith a greater degree of dissociation Microscopic exaimnation of 
the preparations studied m this paper has revealed a penpherahzation of 
basophihc material around adjacent intracellular protein globules rather 
than an accumulation at their interstices, and is consistent with the asso- 
ciation of this basophilic material with a pliable matrix The size of some 
of the larger discermble basophihc structures is of the order^ of 1 If 
these were freely floating bodies, they might not be expected to sediment 
as easily as has been observed Their observed sedimentation behavior 
suggests that they may be strongly associated vnth some larger easily 
sedimentable structure such as the endoplasmic reticulum If the early 
stages of protein synthesis are associated with such a fixed structure, it 
might be possible to explain the absence to date of findings of precursor 
stages such as peptides in the soluble part of the cell 

The relative behavior of the protem fractions discussed here is consistent 
wnth the possibility that free amino acids are first incorporated into some 
part of the cell debris piotems, and that there then occurs a subsequent 
transfer of labeled precursor substances to the other proteins of the cell 
The high activity of the cell debris fraction with respect to the incorpo- 
ration of ammo acids has been observed with all six of the ammo acids 
studied in this work 

Gale and his coworkers at Cambridge (22) have studied a protem frac- 
tion obtamed after subjecting Staphylococcus aureus to some vibration 
This preparation contains the gross cell structure and is active m incor- 
poratmg ammo acids under conditions favorable for protem synthesis and 
also under conditions favorable for ammo acid exchange Although 
their system is different from the one reported here, some analogy may 
be dravm which might hnk the structural pait of the cell to protem-s^m- 
thetic reactions 


SUMMARY 

1 The cytoplasimc ribonucleic acid-contammg basoplulia and the 
niaterial of the highest amino acid-incorporating abihty in hen oviduct 
tissue are easily sedimentable 

2 The specific radioactivities of the dicarboxyhc anuno acids contained 

in this easily sedimentable fraction are markcdlj’’ decreased vhen incuba- 
tions are continued after the addition of non-isotopic glutamic and aspartic 
acids, or the replacement of by The more soluble proteins 

continue to increase in radioactivity after such dilution 
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3 These lesults are discussed in relation to the endoplasmic reticulum 
and the mechanism of protein s 3 mthesis 

The authoi nishes to express his giatitude to Di Chiistiau B Aiifincon 
for Ins interest m this work and his help in prepaiing the manusciipt, and 
to Dr George H Hogeboom foi his suggestions conceinmg fiactionatioii 
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CHROMATOGRAPHY OF THYROID-STIMULATING HORMONE 
ON CARBOXYMETHYLCELLULOSE* 

Br PETER G CONDLIPFE and ROBERT W BATES 

(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Public Health Service, United States Department of Health, 
Education, and Welfare, Bethesda, Maryland) 

(Received for publication, June 25, 1956) 

Evidence has accumulated that bovine th 5 Toid-stimulatmg hormone 
(TSH) IS a basic protein (2), ivith a reported sedimentation constant of 
1 0 S,^ (3, 4) The lack of a standard preparation of the hormone before 
1952 makes it difficult to compare the potency of earher preparations of 
TSH from different laboratories Albert (5) summarized the information 
available prior to 1949 and concluded that the most active preparations, 
those of Fraenkel-Conrat et al (6) and Ciereszko (7), were approximately 
100 to 300 times as potent in TSH as the bovine anterior pituitary powder 
employed as the starting material Steelman et al (2) reported subse- 
quently that TSH could be prepared from beef glands by an electrical 
transport method and stated that the potency of refractionated material 
was about 10 U S P umts pei mg 

In 1953, Heideman (8) described the purification of TSH on the com- 
mercial carboxyhc acid resin Amberhte IRC-50 Considerable punfica- 
tion was obtamed, but the potency of the final preparation was not stated 
m terms of the U S P reference standard Subsequently, Cnglei and 
Waugh (9), usmg IRC-50, reported the preparation of fractions havmg a 
potency of 1 to 2 umts per mg 

We wish to report a simple method for the further purification of crude 
preparations of TSH This is accomphshed by chromatography on car- 
boxymethylcellulose, with virtually quantitative recovery dunng the 
chromatographic procedure By this means, m combination with the 
preliminary fractionation method of Ciereszko (7), about 50 per cent of 
the TSH present m bovine anterior pituitary powdei can be recovered as 
a product havmg a potency of at least 5 units per mg , or about 280 times 
the potency of the starting material 

* A preliminary account of this w ork w as presented at the meeting of the Ameri- 
can Society of Biological Chemists, April, 1956 (1) 

‘ White (3) and Eels, Simpson, and Evans (4) have reported a sedimentation con- 
stant of 1 0 S for their preparations of TSH Recent experiments of Pierce, pre- 
sented orally at the meeting of the American Society of Biological Chemists, April, 
W5G, indicate that the sedimentation constant of TSH is actually 2 5 S Ax alue 
close to 3 0 S was found, when a preparation of 5 units per mg , described herein, was 
examined m the ultracentrifuge 
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Methods 

Chemical Analyses — Tm^o procedures were used for the estimation of the 
protein concentration in the various fi actions: (1) The absorption at 27t) 
m /1 was measured in a Beckman model DU spectrophotometer The 
TSH preparations studied were found to have ultraiuolet absorption 
values at 276 m/i corresponding to an extinction coefficient of G 5 fora ] 
per cent solution (2) The modified biuret-Fohn leaction desenbed b\ 
Lowry et al (10) was used An empirical relationship was established for 
the various fractions, since the color developed was only proportional to 
the protein concentration over a short concentration range 
Bioassays — Thyroid-stimulatmg activity was estimated by the depletion 
of m the thyroids of day-old chicks, according to the procedure of 
Bates and Cornfield (11) The accuracy is about ±30 per cent for indmd 
ual fractions from a column and ±20 per cent for pooled, lyophilized free 
tions All potencies are expressed in terms of U S P umts of TSH 

Diagram 1 

Fractionation of Anterior Pituitary Powder for TSH* 

Bovine anterior pituitary powder, potency — 0 017 unit per mg 

Extracted with 2% 

NaCl at pH 7 


Insoluble residues A "Neutral saline c\tract, id 

justed to pH 4 5 


B "pH 4 5 insoluble fraction,” po- C “pH 4 5 soluble fr^tion, :>« 

tency ^ 0 003 unit per mg tone added to 50% 


D “50% acetone-insoluble frac- E “50% acetone soluble frict 

tion,” potency g 0 01 unit per acetone adde o t o 

mg , 


F “75% acetone-insoluble frac- G Supernatant discar 

tion,” potency 0 67 unit per tmty 

mg 

* All steps were earned out at 2-4° 
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Preparation of Crude TSH Frozen bovine pituitanes were dissected 
and the anteiior lobes diied by lyophilization The lyophihzed glands 
weie ground in a Wiley mill, a 40 mesh screen being used This anterior 
lobe powdei was extracted at 2° with 2 per cent INTaCl, adjusted to pH 7 
with NaOH, and fractionated according to the scheme outlmed m Diagram 
1, which IS similar to that of Ciereszko (7) Approximately 60 to 70 per 
cent of the activity was concentrated m Fraction F, different batches of 
which had a potency of 0 67 to 1 unit per mg and thus were 40 to 60 times 
as potent as the oiigmal powder Fi action F contained no prolactin and 
less than 0 1 U S P umt of adrenocorticotropm per mg 
Desalting of TSH Solutions — While no sigmficant loss of TSH potency 
was obseived during dialysis, desalting wuth a mixed bed ion exchanger 
proved to be simple and less time-consuming A commercial mixed bed 
resm MB-3, containing an indicator, was purchased ready for use ^ The 
pH of the desalted TSH solutions was usually about 8, and a faint turbidity 
was sometimes observed, suggesting that the isoelectric TSH has a limi ted 
solubility m salt-free solution Raising oi low'ering the pH or the addition 
of a small amount of salt caused this turbidity to disappear No sigmficant 
loss of TSH activity was observed during this procedure 

EESULTS AND DISCUSSION 

Experiments vnth IRC-50 — On the basis of the report by Heideman (8) 
that TSH could be purified with IRC-50 and by Steelman et al (2) that 
the isoelectric point of the hormone was at about pH 8, chromatographic 
experiments with TSH on IRC-50 columns were made The resin was 
obtained as a 200 mesh powder of IRC-50 (XE-64)^ and ivas recycled 
accordmg to the procedure of Hirs, Moore, and Stem (12) 

The first set of conditions employed was that of placing the TSH on a 
column which had been equilibrated at pH 6 0 with 0 20 M sodium phos- 
phate buffer In a typical experiment shoivn m Fig 1 (also Experiment 1, 
Table I), the TSH was retained on the column, while about 35 per cent of 
the protein, which contained less than 1 per cent of the activity placed on 
the column, emerged betw^een Fi actions 16 and 64 Fractions of 0 5 ml 
Were collected and the experiment was cairied out at 25° The solvent 
Was changed to 1 0 m NaCl at Fiaction 170 and the TSH w as eluted betw een 
Fractions 200 and 208 The highest potency was estimated to be about 5 
units per mg at Fraction 203 The recovery of TSH w'as only 50 per cent 
of the original activity placed on the column 'V\Tien the fractions con- 
taining TSH were pooled, desalted, and lyophihzed, the potency in this 
nnd in other experiments w as between 2 and 4 units per mg , as shown in 

’These resins were obtained from the Rohm and Haas Companj , Philadelpliia 
I’ennsj Ivania 
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Table I, m which the yields obtained in a number of experiments are qim 
marized " ' 



Fig 1 Chromatogram of crude TSH (Fraction F, Diagram 1) on IRC-SO So 
mg (1 U S P unit per mg ) on a 0 9 X 30 cm XE-64 column Effluent collected in 
0 5 ml fractions Solvents I, 0 20 m sodium phosphate, pH 6 0, II, 1 0 siiNaCI 
Temperature, 25° O, biuret-Folin color. A, TSH activity in U S P unif«prm! 
of effluent 


Table I 

Recovery of TSH from lRC-50 Columns (XE-64)* 





Starting matenal 


TSH eluted 


Experiment 

No 

Column 







Size 

Potency 

Total TSH 

Potency of 
pooled peak 

Total TSH 

Ytld 



cm 


V S F uml 
per mg 

U S F untls 

U S F units 
per mg 

U S P units 

pir ml 

1 

0 9 X 

30 

1 0 

8 5 

2 Of 

4 0 

47 

2 

0 9 X 

30 

1 0 

12 0 

4 Of 

6 0 

50 

3t 

0 9 X 

20 

0 2 

2 5 

3 3t 

1 3 

52 

4 

1 9 X 

30 

1 0 

190 

2 Of 

IIG 

01 

5t 

1 9 X 

30 

0 2 

400 

3 3§ 

250 

03 


* TSH was adsorbed at pH 6 from 0 2 m sodium phosphate buffer and was eluted 


with 1 M NaCl j 

t Estimated from the bioassay results relative to the ultraviolet absorption o 
effluent at 276 m/i or the biuret-Folin color 

J The starting material was a growth hormone preparation 
§ Estimated by assay of lyophilized, pooled fractions 

Other conditions of adsorption and elution were also studied 
found, for instance, that TSH was not retained on columns atp < 

0 20 M sodium phosphate buffer Various elution 

gradients of increasing sodium ion concentration and pH fai e o ^ 

additional purification or better recovery than those indicated m 
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These results are consistent with the observations of Pierce and Nyc (13), 
who found that TSH is adsorbed on IRC-50 in 0 20 m sodium phosphate 
at pH 5 9, but passes thiough such a column at pH 6 4 
Experiments with Caihoxymethylcellulose—CavhoxymethylGelhilose (CM- 
W) was prepared fiom standard grade Whatman cellulose pow'der by the 
method of Peterson and Sober (14) In prelimmary equilibration experi- 
ments earned out in test tubes, it was found that 1 mg of CM-W would 
adsorb about 1 unit of TSH from solution at pH 6 0 in 0 01 m sodium 
phosphate buffei Little or no adsorption occurred at pH 8 5 or above 
Accordingly, a 1 9 X 19 cm column contaimng about 8 gm of CM-W 



FRACTION NUMBER 

Fiq 2 Chromatogram of crude TSH (Fraction P, Diagram 1) on CM-W 1 0 
gm (0 7 U S P unit per mg ) on a 1 9 X 19 cm CM-W column Effluent collected 
in 1 ml fractions Solvents I, 0 01 si sodium phosphate, pH 6 0, II, 1 0 si NaCl 
Temperature, 25° O, ultraviolet absorption at 276 m/x. A, TSH activity in U S P 
units per ml of effluent 

was prepared and equilibrated at pH 6 0 with a 0 01 m sodium phosphate 
buffer 1 gm of a TSH preparation, which had a potency of 0 7 umt per 
wig , was dissolved in 2 ml of buffer and placed on the column Fractions 
of 1 ml were collected at the rate of three to four fractions an hour The 
Experiment was carried out at 25° After 53 fractions had been collected, 
the solvent was changed to 10 m NaCl, and an additional thirty-five 
fractions were collected The effluent fractions -were diluted wuth 2 ml 
of w'ater, and their ultiaviolet absorption w^as measured at 276 mp Bio- 
ussays W'ere performed at appropriate intervals As shown in Fig 2 
(also Experiment 3, Table II), approximately 70 per cent of the protein 
Was accounted for in Fractions 5 to 30 These fractions contained less 
than 0 1 per cent of the TSH placed on the column Of the 700 units in 
the starting material, 718 w^ere accounted for m the elution peak between 
^fractions 65 and 80 When Fractions 67 to 80 were pooled, desalted on a 
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mixed bed lesm column, and lyopMized, 240 mg of powder Mere recovered 
which had a potency of 3 units per mg There was therefore no loss oi 


Table II 

Recovery of TSH from Carhoxymethylcellulose {CM-W) Columns 


Expemnent 

No 


Column size 


Starting material 


Potency 


Total TSH 


TSH eluted 


Potency of 
pooled peak 


Total TSH 


lieM 


Stepwise elution* 




cm 

1 

U S P untts 
per mg 

U S P wnt/i 1 

U S F units 
per mg 

V S P unilsl 

pitcfl 

1 

0 

9 X 

25 

0 

7 

20 

2 Ot 

17 

So 

2 

0 

9 X 

12 

0 

7 

11 

3 Ot 

12 

100 

3 

1 

9 X 

19 

0 

7 

700 

3 Of 

718 

10’ 

4 

0 

9 X 

12 

3 

0 

i 19 

3 Of 

17 

SO 

5§ 

0 

9 X 

12 

0 

6 

i 18 

3 6t 

17 

Oo 


Gradient elution 


6 

0 

9 

X 

18 

0 

7 

48 

2 

5t 

40 

S3 

7 

0 

9 

X 

12 

3 

0 

36 

5 

Ot 

29 

SI 

8|| 

0 

9 

X 

20 

1 

5 

42 

8 

Ot 

20 

■IS 









2 

8t 

18 

■13 

9|| 

0 

9 

X 

22 

1 

5 

198 

5 

Ot 

140 

73 








1 

4t 

28 

14 

10 

0 

9 

X 

30 

0 

6 

1700 

3 

Ot 

1700 

70 

11 

0 

9 

X 

15 

5 

0 

50 

6 

Ot 

35 

70 

12 

0 

9 

X 

20 

1 

75 

700 

3 

5t 

819 

117 


* Adsorption at pH 6 0, 0 01 m sodium phosphate, elution with 1 0 v NaCi, exccpl 
where indicated otherwise . 

t Estimated from the bioassay results relative to the ultraviolet nhsorpdon o 
effluent at 276 mu 

t Estimated by assay of lyophilized, pooled fractions ^ 

§ Adsorption at pH 7 0, 0 01 m sodium phosphate, elution vith 0 2 v hn > 
II TSH peak recovered in two fractions 

potency during the desalting operation, and the biological actmtj "S- 
recovered quantitatively , j, 

As can be seen in a comparison of Figs 1 and 2, there is a i 
similarity between the elution patterns for IRC-50 and tt ^ hov 

a comparison of the lecovery data m Table I vnth that in Ta e - 
that the yield of purified TSH from CM-W is nearly quanti a u 
trast to the 50 per cent yield from IRC-50 
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Since the potency was not found to be uniform across the TSH elution 
peak m Fig 2, or in similar stepwise elution expernnents hsted m Table 
II, it seemed hkely that furthei purification could be achieved Attempts 
to find conditions undei which equihbnum chromatography could be 
carried out in a manner similar to that performed by Hn-s, Moore, and 
Stem with ribonuclease (12) were unsuccessful It was found that at 
pH 7 0 m 0 20 M sodium phosphate buffer, the TSH was not adsorbed on 
CM-W columns, while at pH 7 0 m 0 10 m sodium phosphate, the activity 
was spread over a gieat many fractions with no apparent purification bemg 
achieved Several gradient elution schedules w'ere then tried, and it was 


40 

tS 32 
z 
< 

g 24 
o 

CO 

§ 16 
08 
0 , 

I 10 20 30 40 50 60 70 80 

FRACTION NUMBER 

Fig 3 Chromatography of partially purified TSH on CM-W 132 mg (1 5 U 
S P units per mg ) on a 0 9 X 22 cm column Effluent collected in 1 ml fractions 
Temperature, 2° f , gradient from 0 01 m sodium phosphate, pH 6 0, rising to 1 0 
MNaCl Mixing chamber volume, 100 ml , O, ultraviolet absorption at 276 m/i. A, 
TSH activity in H S P units per ml of eflluent 

found that quite steep gradients were best for the elution of TSH, rising 
towards a sodium ion concentration of 1 0 M mthm 10 retention volumes 
Again, a gradient which only i cached a concentration of 0 5 m sodium ion 
when 10 retention volumes had passed through the column was unsuccess- 
ful in eluting the TSH quantitatively or wuth any significant degree of 
purification However, when the gradient w’^as sufficiently steep, the TSH 
emerged at a sodium ion concentration of 0 3 m to 0 4 m 
I n a typical experiment, Fig 3 (also Experiment 9, Table II), 132 mg 
of a preparation havmg a potency of 1 5 umts per mg v ere placed on a 
9 X 22 cm column at pH 6 in 0 01 m sodium phosphate A gradient 
fo 1 0 II NaCl was begun at Fraction 3 The nuxing chamber contained 
loo ml of the 0 01 m sodium phosphate buffer Fractions of 1 ml v ere 
Collected at a i ate of foui fractions an hour at the start of the experiment, 
which was carried out at 2° Approximately 200 units of activity were 



20 X 


15 5 

CO 


iO 
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accounted for in Fractions 40 to 70, and the highest potency in Fraction 
51 was estimated to be at least 5 units per mg Fractions 49 to 65 which 



FRACTION NUMBER 


4 

3 


H 

(/> 

X 

C 



Fig 4 Rechromatography of purified TSH on CM-W 10 mg (5 0 ± 10 S ? 
units per mg ) on a 0 9 X 15 cm column Efiluent collected in 1 ml fractions Tern 
perature, 2° t , gradient from 0 01 M sodium phosphate, pH 6 0, rising to I On 
NaCl Mixing chamber volume, 100 ml , O, ultraviolet absorption at 276m(i, A 
TSH activity in U S P units per ml of effluent 


Table III 

Recovery of Bovine TSH 


Fraction 

1 

Dry weight 

TSH potency 

Total TSH 

Friclioaet 

otuniul 

actinl) 


gvl 

V 

' 5 P untts 
per mz 

U S P 
units 

fir tint 

Bovine anterior pituitary powdei 

100 


0 

017 

1700 

m 

Insoluble, pH 4 5 

20 


0 

003 

60 

1 

50% acetone-insoluble 

8 

99 

0 

01 

90 

5 

75% 

1 

58 

0 

7 

1190 

70 

1st CM-W column 







Unadsorbed 

1 

03 

0 

03 

33 


NaCl eluate 

0 

379 

3 

0 

IHO 

' 67 

2nd CM-W column,* gradient elution 





0 5 


Fraction a 

0 

05 

0 

01 

U 1 

“ b 

0 

162 

5 

0 ± 1 ot 

810 

48 

“ c 

0 

114 

1 

4 ± 0 4t 

160 

0 


* Fraction a corresponds to the unadsorbed fractions in stepwise elution c\p<’ 


ments 

t 95 per cent confidence limits 

assayed uniformly between 4 and 6 umts per mg, 
salted, and lyophilized 28 mg of lyophilized 20 

The potency was found to be 5 0 ±1 umts per mg An a 
mg of material, which contained 14 units per mg, 
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Fractions 46 to 48 and 65 to 74 The lecovery of TSH was thus about 170 
units or between 80 and 90 pei cent of the activity placed on the column 
When 10 mg of the material having a potency of 5 umts per mg weie 
lechiomatogiaphed on a 0 9 X 15 cm column, the giadient elution pattern 
shown in Fig 4 (also E\peiiment 11, Table II) was obtained m w^hich a 
unifoimly potent peak emeiged between Fractions 32 and 45 Approxi- 
mately 70 pel cent of the TSH w^as accounted foi in these fractions which 
had a potency of 5 to 7 units pei mg 
In terms of the oiigmal antenoi pituitary powder, the purification 
obtained by the combination of fiactionation ivith acetone, followed by 
chromatogiaphy on carboxymethylcellulose, is about 300 times, and the 
ovei-all yield of highly potent TSH is about 50 per cent as shown in Table 
III From 100 gm of antenoi pituitary powder having a potency of 
0 017 umt pel mg , one can obtain 162 mg of TSH haAung a potency of 5 
umts pel mg 


SUMMARY 

The chromatogiaphic behavioi of thyroid-stimulatmg hormone (TSH) 
on IRC-50 and on carboxymethylcellulose columns w'as studied undei 
various conditions The same degree of purification w'as achieved m both 
cases, but the recovery of TSH from carboxymethylcellulose columns was 
nearly quantitative in contrast to only a 50 per cent yield from IRC'50 
columns 

TSH having a potency of 5 to 7 XJ S P units per mg was obtained 
from bovine pituitary powder by acetone fractionation and subsequent 
chromatography on carboxymethylcellulose 

We wash to thank Miss Ahce Laskey and Mi Tulane Howard for their 
able assistance We are indebted to Dr Elbert A Peterson and Dr 
Herbert A Sober for their cooperation and advice 
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THE DEGRADATION OF HEPARIN BY BACTERIAL 
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I ADAPTATION AND LYOPHILIZED CELLS* 
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Institute, National Institutes of Health, Bethesda, Maryland) 

(Received for publication, June 18, 1956) 

The physiological lole of heparin has been the subject of considerable 
research in recent years because of both its anticoagulant property and its 
ability to induce the appearance of lipoprotein lipase in the circulation 
Yet, the structuial details of this mucopolysaccharide are still essentially 
unknown Work in seveial laboratories (2^) has resulted in the general 
conclusion that heparin is composed of equimolar amounts of glucosamine 
and glucuromc acid with one to three sulfate moieties per disaccharide unit 
One of the sulfates is bound in an aimde linkage to the ammo group of glu- 
cosamine (5) , the others are esterified on the sugars at unknonm positions 
The positions of the glycosidic hnkages are also unknown 

Heparin may be hydrolyzed with acid only under rather ngorous condi- 
tions which result in considerable caramehzation, especially of the glucur- 
omc acid, and extensive splitting Thus, the products are mono- or, at the 
most, disaccharides from which all of the sulfate groups have been 
lemoved (6) An analysis of these products does not permit one topostulate 
a umque stiucture for the parent molecule Enzymatic hydrolysis, how- 
ever, should make possible the quantitative isolation of partial hydroljmis 
products, the characterization of which would reveal the fine structure of 
heparin In addition, these products of partial enzymatic hydrolysis nught 
retain biological activity 

This paper describes the isolation of a soil bacterium which is able to use 
heparin as its sole source of carbon, nitrogen, and sulfur, some experiments 
on the adaptation of the bacteria to heparin, and the characteristics of the 
degradation of heparin by lyophihzed cells The degradation of heparin 
hy cell-free extracts is described in Paper II 

EXPERIMENTAL 

Methods — The disappearance of heparin was routinely followed by the 
decrease in metachromasia with azure A (7) as measured at 490 m/x in a 

* A preliminary report of some of the material in this paper has been published (1) 

t Participant in the Foreign Research Scientist Program of the International Co 
operation Administration 
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Coleman junior spectrophotometer This method is quite reproducible 
but little information as to the nature of the degradatn e process is ob' 
tamed A decrease m metachromasia would result from a loss of sulfate 
groups or extreme shortemng of the polysaccharide chain Eeducing 
groups were deterimned by the method of Folm and Malmros ( 8 ), an equt 
molar mixture of glucuronic acid and glucosaimne was used as a standard 
Periodate-oxidizable groups were determined by the spectropliotonietnc 
method of Dixon and Lipkin (9) and ammo sugars by the ElsonAlorgan 
reaction (10) with glucosamine as the standard It should be recognized 
that, in the absence of the proper standards, the molar values reported mud 
be considered only approximate In every instance, except vhen noted, 
the rates of decrease in metachromasia and increase m i educing groups were 
parallel 

IsolaUon of Bacienum — The bacterium was isolated from drj' soil In 
enrichment cultunng at 24° on a hquid medium which contained 0 1 per 
cent sodium heparin, 0 1 per cent ammomum sulfate, 01 m phosphate biif 
fer, pH 7 4, and trace amounts of magnesium, calcium, ferrous, manganou', 
and molybdate ions and on silica gel plates vuth this medium evaporated on 
the surface The bacterium is a gram-negative, non-spore-fornung, ren 
small, motile rod identified as a Flavobactenum, hereinafter referred to as 
Flavobactenum heparinum It is an obligate aerobe which grows optimalb 
at 24° and not at all at 0° or 37° The optimal pH for grov th is C 5 to 7 0 

Many bacteria were isolated during the enrichment culture procedure 
which were able to grow weakly on the above medium although they nerc 
unable to degrade heparin This was undoubtedly due to the presence of 
small quantities of impurities in the commercial hepaiin The hepnnn 
was progressively ‘'purified” by being used as substrate for the non-hepann 
utilizing bacteria with obvious advantage m the subsequent enrichment 
culturing It was essential, therefore, during the isolation procedure to 
follow the disappearance of heparin and not growth 

RESULTS AND DISCUSSION 

Adaptahon 

Although F heparinum grows well on heparin alone, it is not economicaH} 
feasible to use it as the sole caibon source in large scale cultures 
bacteria were routinely grown on a medium which contained 035 
trypticase, 0 06 per cent phytone, 0 05 per cent glucose, 0 002 per 
dium heparin, 0 1 per cent NaCl, and 0 05 per cent K 2 HPO 4 c 
was adjusted to pH 6 5 with sulfuric acid Cells grown on us u 
were unable to degrade heparin They could be adapted to lepan 
ever, by the following procedure Cells were harvested a ter S'" ^ 

36 hours, washed with phosphate buffer (0 025 m, pH 8 )> un 
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pended in a volume of buffer equal to one-tenth the volume of the ongmal 
growth medium Casein hydrolysate (final concentration, 0 05 per cent) 
and sodium hepaiin (final concentiation, 0 1 per cent) were added and the 
suspension was aerated vigorously at 24° Adaptation was followed by 
the disappearance of hepaiin and was considered complete when the rate of 
disappearance became constant This usually occurred between 2 and 4 
hours after the onset of aeration when approximately two-thirds of the 
heparin had been degraded Although it is theoretically possible for adap- 




Fig 1 Fig 2 

Fig 1 Dependence of the rate of adaptation on the concentration of phosphate 
Cells were harvested in the usual manner, washed with 0 02 m arsenate buffer, pH 8, 
and suspended in 35 ml of arsenate buffer 0 5 ml of 10 per cent casein bydrolj^sate 
and SO mg of sodium heparin were added The suspension was divided into 3 6 ml 
portions and increasing amounts of 1 M phosphate buffer, pH 8, vere added to the 
different tubes The final volume was adjusted to 5 0 ml vith the arsenate buffer 
and the tubes were aerated at room temperature Aliquots of 0 02 ml v ere removed 
at various time intervals for the determination of metachromasia The values 
plotted are those obtained 3 5 hours after the onset of aeration , at the optimal phos- 
phate molarity two-thirds of the heparin had been degraded at this time 

Fig 2 Influence of pH upon the rate of adaptation Adaptation v as carried out 
as described in the text with phosphate buffers at the indicated pH values The 
values reported are those obtained after 3 hours of adaptation 

tation to occur under conditions which, would not perimt degradation of 
heparin, it was found that in all instances in which adaptation was not de- 
tected by the above procedure lyophihzed cells were unable to degrade hep- 
ann undei optimal conditions 

Phosphate Requirement — Adaptation did not occur in the absence of casein 
hydrolysate, aeration, or phosphate, oi at 0° or 37° The absolute require- 
ment for phosphate is demonstrated in Fig 1 No other ion has been found 
which mil replace it Above 0 03 m, all salts inhibited adaptation Tins 
inhibition was complete at 0 1 m 

PH-The data summarized in Fig 2 indicate that adaptation can occur 
over a wide pH range with an optimal rate between pH 7 5 and S 5 
Influence of Heparin in Growth Medium — Cells grown in the presence of a 
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low concentration of heparin, although completelj^ unable to degrade hep 
arm, are able to adapt to hepann much more rapidly than cells not pro 
viously exposed to heparin (Fig 3) 



Fig 3 Effect of hepann in the original growth medium upon the subsequent rat 
of adaptation Adaptation was performed as described in the te\t The onl\ dil 
ference was the presence or absence of hepann in the original grouth medium 



Fig 4 



PHOSPHATE MOLARITY 

Fig 5 


Fig 4 Comparison of the degradation of hepann by lyophihzed cells m p ^ 
phate and borate buffers 300 mg of lyophihzed cells ivere suspended in ni 
water 2 5 ml of this suspension, 2 ml of 0 1 M phosphate or borate u or, 

0 5 ml of 1 per cent sodium heparin ■were mixed and incubated at room ^ 

At 0, 50, and 100 nunutes, 0 02 ml aliquots were removed and tested ac ^ 
masia The values plotted are those obtained after incubation for 
The final molanty (0 04 m) was too high for optimal activity but was 
adequate buffenng Even so, at the optimal pH, one-half the hepann a 

graded m 100 minutes hihzed 

Fig 5 Phosphate requirement for the degradation of hepann by yop ^ ^ ^ ^ 
at pH 7 2 300 mg of cells were suspended in 20 ml of distilled va er ^ 

this suspension were diluted to a total volume of 5 ml which containe 
dium hepann and a mixture of phosphate and arsenate buffers ( ^ 

lanty of the phosphate buffer was as plotted The values p otte a 
tamed after incubation for 150 minutes at room temperature 
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Lyoplnhzed Cells 

Bacteiia giown and adapted as described above were collected, washed 
once with phosphate buffei (0 025 ai, pH 8 0), and washed twice ivith water 
at 0° They weie then l3’'ophihzed and stored in a vacuum desiccator at 
-15° 

Degradation of Hepaiin in Phosphate and Borate Buffers — ^^Tien incu- 
bated m phosphate buffer, lyophihzed cells degraded heparm over a broad 
range of pH (Fig 4) In boiate buffer, however, a much sharper peak was 
obtained The difference between the rate of degradation of heparin in the 


Table I 

Reactions Involved in Degradation of Heparin by Lyophihzed Cells 


pH 

1 

Buffer 

Metachromasia 

decrease 

1 

Reducing group 
increase 

i 

Ammo sugar 
mcrease 

Periodate 

consumption 

increase 



1 

Ai7490 ; 

fitnoles 

fimoles 

fimoUs 

7 2 

Phosphate 

0 07 

3 6 

1 5 

42 


Borate 

0 

2 7 

0 4 

0 

9 2 

Phosphate 

0 12 

4 8 

2 4 

42 


Borate 

0 10 

1 36 

1 5 

1 

1 


300 mg of b^ophilized, adapted cells were suspended in 15 ml of distilled water 
Each vessel contained 3 ml of the cell suspension and 6 mg of sodium hepann in a 
total volume of 6 ml of the indicated buffer (0 04 m) The vessels vere incubated 
at 24° and aliquots were removed at 0, 50, and 100 minutes for determination of meta- 
chromasia (0 02 ml ) , reducing groups (0 2 ml ) , ammo sugars (0 2 ml ) , and penodate 
consumption (0 2 ml ) The micromole values are calculated for the total volume 
of 6 ml All values reported are those obtained at 100 minutes 

two buffers was most pronounced from pH 7 to 8 Further, it could be 
demonstrated (Fig 5) that a direct proportionahty exists between phos- 
phate concentration and the rate of heparm degradation at pH 7 2 Thus 
there appear to be two pathw'’ays for the degradation of heparm in 
lyophihzed cells one w'hich requires phosphate and has an optimal pH 
iround 7 5 and one which has an optimal pH of 8 5 to 9 0 and has no phos- 
ohate requirement ^ 

Reactions Involved in Heparin Degradation — The degradation of heparin 
5y lyophihzed cells might be expected to be the result of the action of several 
'Uzynies Following the disappeaiance of heparin by the loss of meta- 
'hromatic activity does not provide any information as to the nature of the 
uzymatic reactions involved Therefore, an experiment was carried out 
n W'hich the disappearance of hepaiin and the appearance of 

’ An earlier statement (1) that the reaction w hich requires phosphate also requires 

h was incorrect 
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1 educing groups, anuno sugai, and periodate-titratable groups ere simul 
taneously deternuned The results aie piesented m Table I 

In phosphate buffei at pH 7 2 and 9 2 and in borate buffer at pH f) 2 an 
increase in leducmg groups, ammo sugai, and periodate-titratable groups, 
as well as a decrease m metachiomasia, was observed The first two ob 
servations indicate the presence of a glycosidase and a sulfamidaso m tlie 
lyophihzed cells Since the ratio of the increase in peiiodate consumed to 
reducing groups formed was much too high to be accounted for bj the ac 
tmties of the glycosidase and sulfamidase alone, the lyophihzed cells ap 
parently contain a sulfesterase 

In borate buffei at pH 7 2, the only significant change was an increi'c 
in the reducing groups 

Activity of Lyophihzed Cells of Unadapted Bacteria — Lyophihzed cells of 
unadapted bacteria were completely unable to metabolize heparin as defer 
mined by all of the above methods 

SUMMARY 

Flavohacterium heparinum, a bacterium which is able to utihze liepannai 
its sole source of carbon, nitrogen, and sulfur, has been isolated from soil 
by enrichment culturing A procedure has been described "whereby bsc 
terra grown on a non-heparm medium can be adapted to heparin The 
degradation of hepaiin by lyophihzed, adapted cells has been studied 
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In the accompanying paper (2) the isolation and adaptation of Flavo- 
lactenum hepannum and expeiiments on the degradation of heparin 
lyophilized, adapted bacteria aie described The isolation of this organism 
was origmalty undertaken with the ultimate goal of obtaimng purified en- 
zymes which could be used as analytical tools for a study of the structure of 
heparm and for the pieparation of subunits which nnght possess biological 
activity To this end, the degradation of heparm m cell-free extracts of 
the adapted bacteiia has been investigated 

EXPBRIAIENTAL 

Materials — Sodium hepaiin (120 umts pei mg) was a pioduct of The 
Upjohn Company It had an S N latio of 2 1 and upon acid hydrolysis 
90 per cent of the theoretical glucosamme content was lecovered (mnhydrm 
reaction) The heparin gave no mnhydrm leaction, consumed no peiio- 
date, and contained essentially no fiee reducing gioups 
Hyaluromc acid, chondroitm sulfate, pectin, pectic acid, polygalactuiomc 
acid, and chitm sulfate were all commercial pioducts 
Methods — The analytical methods were identical to those described pre- 
viously (2) Glucosannne was used as the standaid foi the ammo sugai 
deteiminations and an equimolai mixture of glucosamme and glucuionic 
acid foi the i educing group experiments Metachromasia was deter- 
mined on 0 02 ml aliquots of the leaction mixtuie 
Acetone Powder Extract — The bacteria weie gronii and adapted as de- 
sciibed previously (2) Adapted cells were collected, washed with watei, 
blended with a large volume of acetone (—20°), filteied, and blended again 
With acetone and the final filter cake ivas air-dried The acetone pow der is 
stable indefimtely when stored in a vacuum desiccatoi at 15 Unless 
othermse stated, the powder was ex ti acted with phosphate buffer (0 025 m, 

* A preliimnary report of some of the nuterial in this paper has been published (1) 
t Participant in the Foreign Research Scientist Program of the International Co- 
operation Administration 
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pH 8 0, 10 mg per ml ) foi 1 hour at 0°, the insoluble residue iias rcnioicd 
by centrifugation, and the i esultant solution was used The final pll of (he 
e\tiact -was 7 5 and it had a piotem concentiation of about 1 5 mg iK-rml 

Results 

EnzyynaUc Activity of Extraci—Hephun was incubated with the acetone 
powder extract and the decrease in metachiomasia and the increase m re 
ducing groups, peiiodate-titratable groups, and annno sugai (Elson-Hor 
gan leaction) followed simultaneously The values obtained for all four 
determmations were diiectly proportional to the time of incubation (Fig ]) 
Fuither, it was demonstrated that the rates of deciease in nietachroina'^u 
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Fig 1 The enzymatic reactions involved in the degradation of hepann bj 'icc 
tone powder extracts The incubation vessel contained 6 ml of the acetone powder 
extract and 6 mg of sodium heparin Incubation temperature, 24° 


and increase m reducing groups were directly pioportional to the concen 
tration of extract used (Fig 2) and that the rate of reaction vas aho 
pioportional to the concentiation of substrate (Fig 3) The enzymatic ac 
tmty of the extract was completely stable to prolonged dialysis again' 
distilled water and completely inactivated by heating at 40 for 5 nnn 

utes I 

The positive Elson-Morgan reaction required the addition of acc i 
acetone and the i esultant pink color completely disappeared at alkaline 
but reappeared upon the addition of acid This indicates (3) that le 
actant is mdeed an aimno sugar and not an ammo acid plus a 
No enzjTnatic activity was detectable by any of the above c e 
tions in the absence of heparin nor when extracts of acetone pon 

unadapted bacteria were used mprense 

Effect of pH — The hydrolysis of heparin, as measured by le 


in 





E D KORN AND A N PAYZA 


861 


leducing gioups as well as the deciease in metachiomasia, occurred op- 
timally at pH 7 0 to 7 5 (Fig 4) The leaction in lyophilized cells (2), 
which pioceeds maximally at pH 9 0, ivas absent from the extracts 



Fig 2 Fig 3 

Fig 2 Propoitionalitj betv,een the rate of degradation of heparin and the con- 
centration of evtract Each vessel contained 1 mg of sodium heparin and the indi- 
cated volume of extract in a total volume of 1 ml of phosphate buffer (0 025 m, pH 
7 5) In this experiment the extract contained 4 5 mg of protein per ml The vessels 
were incubated for 30 minutes at 24° 

Fig 3 Proportionality between the rate of degradation of heparin and concen- 
tration of substrate Each vessel contained the indicated amount of sodium heparin 
per ml of acetone powder extract The vessels were incubated at 24° for 100 min- 
utes 



60 70 80 90 

pH 

Pig 4 Degradation of heparin as a function of pH The extract was prepared 
m the usual manner and dialyzed against water overnight The resultant precipitate 
"as suspended homogeneous^' and equal aliquots were made up to the original xol- 
ume in 0 025 m phosphate buffer at the indicated pH values 1 ml of cnz^me was 
incubated with 1 mg of sodium heparin for 1 hour at 24° 

Requirement for Ions — In some preliminary experiments it was noted 
that extracts prepared wnth glycylglycine buffer weie much less active than 
those prepared wuth phosphate buffer To mx estigate this matter further, 
the acetone powder w'as extracted with phosphate buffer m the usual man- 
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ner and the extiact was dialyzed overnight against thiee changes of dis 
tilled watei After the dialysis the piecipitated protein vas redissohed in 
glycylglycine buffei (0 025 m, pH 7 5) and assayed with and vitliout the 
addition of 0 025 m phosphate buffei, pH 7 5 (Table I) 


Table I 

Ion Requirement for Degradation of Heparin 



1 

Glycj Igljcinc 

GI>algI>cL.e 
+ phosphite 

Metachromasia, AD 490 

0 

0 

Reducing groups, fimole per ml 

0 OG 

0 50 

Periodate consumption, nmoles per ml 

0 

S 1 

Amino sugar, nmole per ml 

0 07 

023 


The vessels were incubated for 30 minutes at 24° For other details see the tcit 



NaCI MOLARITY EDTA, MOL X 10^^ 
PYRO.MOL XIO^ 


— I ; 1 1 1 

HYALURONIC 

>hCHONDROITIN ' 
SULFATE^ 
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Fig 5 Fig 6 

Fig 5 Inhibition of the degradation of hepann by NaCl, EDTA, and pjropho 
phate The activity was measured in the usual manner nith 1 ml of extract men 
bated with 1 mg of sodium heparin in the presence of NaCl, EDTA, or pyrop losp n 
at the indicated molarities The vessels were incubated at 24° for 1 hour 

Fig 6 Hydrolysis of other mucopolysaccharides 2 ml of the acetone po' 
extract were incubated with 2 mg of each substrate at 24° 


Such preparations xvere completely niactive without the addition o 
but there appeared to be almost no specificity with respect to ei 
cation or amon Sodium chloiide, sodium sulfate, 
magnesium chloride, ammomum sulfate, sodium arsenate, an so 
rate could all replace the potassium phosphate The optima ni 
was approximately 0 01 It is of special interest, however, o n 
sodium borate was unable to activate the system, since 
graded by lyophihzed cells suspended in borate buffer at p t 
InlnUhon by lons-The degradation of heparin was 
salt at a relatively low molanty The results of a typical erpen 
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which NaCl was used are shoivn in Fig 5 Pyrophosphate and eth3dene- 
diaininetetiaacetate (EDTA) ions inhibited at significantly loiter molari- 
ties The inlubition by EDTA does not appear to be due to chelation since 
the extract was reactivated by dialysis 

Substiate Speafictiy — The acetone powdei extract has been assa3^ed foi 
its ability to degiade other mucopolysaccharides (Fig 6 ) H3^aluromc 
acid and chondroitin sulfate weie hydrolyzed at a more rapid rate than 
heparin Pectic acid and polygalactuionic acid were hydrolyzed at about 
one-third to one-half the late of heparin, while pectin and chitin sulfate 
were hydrol3’’zed only very slowly 

Biological Activity of Degraded Heparin — Heparin was incubated with the 
extract (1 mg of heparin per ml ) for 1 hour at 24 ° and the reaction was 
stopped by placing the vessel m a boiling water bath for 10 minutes The 
slight turbidity which formed was removed by centrifugation and the super- 
natant solution xvas assayed for anticoagulant activity and the abiht3’- to 
induce the appearance of hpoprotein bpase in the blood It was completely 
inactive Controls, in which the extract was boiled immediately after the 
addition of the heparin oi extracts of unadapted cells were used, retained 
complete activity 


DISCUSSION 

Jaques and his cowoikers ( 4 - 6 ) have desciibed a preparation from mam- 
malian liver which is said to possess “hepaiinase” activity This activity, 
however, is extremely low and no exndence has been piovided as to the 
nature of the enz3Tnatic process invohmd With this exception, the bac- 
terial extract described m this paper is the only known enz3Tne s3’-stem capa- 
ble of catalyzing the degradation of heparin 
It IS apparent from the data reported that sei^eial enz3’-mes are responsi- 
ble for the “heparinase” activity of the acetone powder extract The for- 
mation of ammo sugar from hepaiin demonstrates the presence of a gl3’’cosi- 
dase able to split the glucosamimdic bond as well as a sulfamidase, since a 
positive Elson-Morgan reaction lequires that both the aldeh3^de and anuno 
groups be free The sulfamidase is the fiist enzyme of this t3’^pe to be 
found 

The observed reducing group values were 3 times as high as those for 
the ammo sugar when glucosamine was the standard for both determina- 
tions Unless the oligosacchaiides with terminal glucosamine gne a latio 
of reducing groups to ammo sugar much higher than tliat obtained from 
glucosamine itself, glucuroindic bonds must also hai e been split hat 
the extract contains a gWcosidase able to split the iiionidic bond is sup- 
poited by the observed h3’^di ol3"sis of pol3’'galactui onic acid 
The ratio of the increase m micromoles of periodate consumed to reducing 
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group formed duimg the 1st hour of incubation lemained at about 15 i 
This high ratio (glucose is 5 1 and suciose is 7 1 by this piocedure) must 
mean the following first, that a sulfesterase is also piesent in the extract 
and, second, that oligosaccharides are the piedominant pioducts at thn 
stage When the incubation times were pi obliged until no further mcrensc 
111 reducing groups occur led (even upon the addition of fiesh enzvme) tlic 
latio of periodate consumption to i educing groups nevei fell belou 9 ] nor 
did the amount of reducing groups formed ever exceed 50 pei cent of the 
theoietical value for complete hydrolysis to monosaccharides 
Several hyaluromdases have been described (7), one of which (testicular) 
is also able to hydrolyze chondroitin sulfate, but none is able to degrade 
heparin The ability of the bacteiial extract to catalyze the hydroK‘;i'- 
of all thiee substiates is, therefore, umque A more detailed comparLon 
of the enzymatic hydiolysis of hepaiin, hyaluronic acid, and chondroitin 
sulfate will be the subject of another commumcation 

SUMMARY 

The degradation of hepaiin by extracts of acetone powders of Flmokf 
terium hepannum has been studied It has been found that the extract 
contains a sulfamidase, a sulfesterase, and at least one glycosidase nliicli, 
together, catalyze an extensive cleavage of heparin 
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It IS known that reduction of the carbonyl group at C-20 to a secondary 
hydroxyl group occurs m the course of the metabolism of progesterone 
and the adrenocortical hormones in man During the past 4 years, several 
groups of investigators have observed this i eduction when certain adreno- 
cortical hormones or their metabolites are pei fused thiough hver oi in- 
cubated with surviving hvei shces or homogenates derived from hver 
It has been established chiefly fiom the work of Recknagel and Glenn (2) 
that the enzyme system which effects this reduction is largely present in 
the microsomes 

We have studied the reduction of the carbonyl gioup at C-20 of pregnane- 
3Q:,17a,21-triol-ll,20-dione (tetiahydrocortisone) and of pregnane-Sa,- 
17a-diol-20-one (17-hydroxypiegnanolone) in foitified, fractionated ho- 
mogenates of rat hver In this paper we wish to describe the isolation of 
the metabolite pregnane-3a,17Q;,20/3,21-tetrol-ll-one (/3-cortolone) (3) 
after incubation of tetrahydrocoitisone vith such a homogenate and the 
isolation of the metabohtes pregnane-3a,17a,20a-triol and its C-20 epimer 
after a similar incubation of 17-hydroxypregnanolone 

Materials and Methods 

Preparation and Differential Centrifugation of Liver Homogenates — Male 
albino rats weighing from 200 to 250 gm were decapitated, and the livers 
were excised rapidly and chilled in crushed ice 5 gm of hver v ere ground 
for 30 seconds vnth 22 5 ml of the chilled Kiebs phosphosalme buffer, 
pH 7 4 (4), in a chilled Pottei homogenizer nith a Teflon pestle 

Nuclei and cell debris were lemoved bj’’ centrifuging at 600 X g for 10 
nunutes in a refrigerated centrifuge The supernatant solution (Si) vas 
then centrifuged in a Servall centiifuge at 6000 X g for 30 minutes in a 
cold room to separate the imtochondria YHien the mitochondria were 
required for an experiment, they weie again homogenized in a little buffer, 
centrifuged at 6000 X g foi 15 minutes, and suspended in sufficient buffer 
to make the final volume equal to that of Si Ohe supeimtaiit ‘solution 

♦ A preliminary account has appeared (1) 
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lemammg aftei the lemoval of the nutochondiia 'was designated Sj It 
contains the nucrosomes plus all of the soluble components and was the 
piepaiation used in most of the experiments When lequned, the m\ 
ciosomes ueie sepaiated in a Spmeo centrifuge at 100,000 X g for 30 
minutes and suspended m a volume of butfei sufficient to make the final 
volume equal to S2 The pink imcrosome-fiee supeinatant sohtm was 
designated S3 It was difficult to lemove all the nnciosomes from the 
nutochondrial fiaction, but the piepaiation of miciosomes appeared to 
contam few mitochondiia 

Conditions of Incubation and Determination of Teti ahydrocorhsoiic—h 
the small scale expenments, 200 7 of fiee tetrahydrocoitisone in 1 ml of 
the Ifjrebs buffer weie incubated in a Dubnoff apparatus at 37° i\ith 1 ml 
of lat hvei homogenate or fractionated homogenate 111 the piesence of 
10~^ M reduced diphosphopyiidme nucleotide (DPNH), 0 01 m sodium 
fumarate, and 0 04 m mcotmamide The molai concentrations given are 
those of each substance m the complete mcubation mixture, nhicli had a 
final volume of 2 6 ml After 2 houis mcubation, 10 ml of ethanol vore 
added to the flask, and 30 imnutes latei the contents neie centnfuged 
In each experiment a duplicate umneubated contiol set of flasks was pro 
pared, to v hich ethanol was added immediately after the addition of the 
homogenate 

The tetrahydrocoitisone in the supeinatant solution was determiuii 
by the method of Porter and Silber (5) In each case 1 ml ahquots offh 
solution weie treated with the incomplete (phenylhydrazine-lackingi 
reagent as well as mth the complete leagent, and the coi reeled optical 
density thus obtained was used to calculate the degree of reduction of 
the caibonyl group at C-20 

In the large scale incubations, 24 gm of lathvei were homogenized m 
90 ml of the &ebs buffer contarnrng 500 7 of free tetrahydrocortisone 
per ml 50 ml of S2 obtarned by the usual procedure were added Jo 1 
flask contaimng 40 ml of the above tetrahydrocortrsone solution, 15 w 
of 0 13 M sodium fumarate solution containing 150 mg of mcotinamKC, 
and 15 ml of the above tetrahydrocoitisone solution containing 13 M 
of dipbosphopyridme nucleotide (DPN) The mixtuie was 
3 hours at 37° vnth gentle shaking (gas phase, mtiogen) and vas c 
diluted with 800 ml of acetone Aftei 30 minutes the suspension 
filtered, the acetone was removed in vacuo, and the aqueous resi 
extracted foui times with n-hexane and six times with ethyl ace a e 
combined ethyl acetate extracts were evaporated to dryness ^ 
and the lesidue was taken up m 2 ml of ethanol and 25 m 0 m 
chloride This solution was exti acted eight times uit 1 
discarded The combined aqueous phases vere extrac e si 
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ethyl acetate, which ivas then evapoiated to dijmess in vacuo The residue 
was distiibuted in a 50 tube Craig all-glass countei current machine with 
the system ethyl acetate-isooctane-methanol-water (3 113) Provisional 
identification of the substances present was made by papei chromatog- 
raphy, and fiactions which appealed to contain the same substance iiere 
combined and crystalhzed 

Conditions of Incubation of 17-Hydroxypregnanolo7ie — Prehrmnaiy ex- 
periments veie earned out mth the system used for the incubation 
of tetrahydrocortisone, except that the quantities of all of the components 
were doubled The steroid was added in a small volume of propylene 
glycol After 2 houis incubation 10 ml of ethanol were added, and 30 
minutes later the suspension was centiifuged The cleai flmd v as decanted 
and, aftei the addition of 3 ml of water, the solution was exti acted thiee 
times wuth n-hexane The ethanol was removed wuth a stream of an, 
and the aqueous residue was diluted w’lth w’ater and extracted four times 
with ethyl acetate Because no simple method for the quantitative anal}'- 
sis of the expected metabolites w as available, the dried extracts w ere exam- 
ined by paper chromatography 

In the large scale incubations, 40 mg of free 17-hydioxypregnanolone 
w'ere dissolved in 0 7 ml of ethanol and 6 ml of propylene glycol in a 
small flask, and the solution wms kept at 37° m the Dubnoff apparatus 
Meanw^hile, 24 gm of rat hvei w ere homogemzed w ith 90 ml of the Krebs 
buffer contaiiung 270 mg of lucotinamide 50 ml of Sz prepaied in the 
usual w'ay w'ere bi ought to 37° in a 1 hter Erlenmeyer flask The prop 3 d- 
ene glycol solution of the steroid was then added slowlj’-, and the liquids 
were mixed thoroughly An additional 6 ml of propylene g^mol w ere used 
to complete the transfer of the steroid Finally a solution of 150 mg of 
DPN m 10 ml of buffer, wmimed to 37°, was added to the flask After 
incubation for 3 hours, the contents of the flask were diluted with 700 
ml of acetone 30 nunutes latei the suspension was filtered, and the 
filtrate w'^as concentrated to a small volume in vacuo After sufficient 
ethanol w^as added to the aqueous lesidue to adjust it to 70 per cent ethanol 
by volume, the solution wms extiacted four times with u-hexane IMost 
of the ethanol w as removed with a stream of air, and the aqueous residue 
W'as extracted four times wuth ethyl acetate, wffiich was then taken to 
dryness in vacuo The residue at this stage was generally a gieen oil 
which W'as adsoibed on sufficient Cehte to give a dij’’ pow der The metabo- 
lites w^ere then separated fiom each othei and from the unchanged 1/- 
bj'dioxypregnanolone by partition chiomatogiaph}’' on a silica gel column 

Math the system ethyl acetate-isooctane-methanol-watei (200 ^00 ISO 420) 

95 gm of activated silica geP weie shaken with 35 ml of (he stationary 
' Grade 922 silica gel, 200-270 mesh, from the Davison Chemical Compan\ , Balti- 
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phase and, after it had been cooled, the treated gel was made into a thi l 
suspension ^^nth the mobile phase and packed with a plunger into a 20 y 
570 mm column The Cehte prepaiation of the extract iins addwl to 
the top of the column, which was then developed mth the mobile phavp 
The effluent was collected fractionally in volumes of 10 ml at a rate of 
10 ml per hour 

Paper ChromatograpMj—Cy]mdTicBl glass tanks 12 inches in diameter 
and 24 mches high vere used, and the trough vas supported on a metil 
or glass frame suitable for descending chromatography Before use the 
tank was lined uath filter paper, and approximately 150 ml each of tlic 
stationary and mobile phases were poured in the tank, care being taken 
to wet the hmng paper thoroughly The remaimng 50 ml of each phase 
were kept together in a small separatory funnel Strips for chromatog 
raphy were cut from Whatman No 1 paper and, after the steroid solution” 
had been applied, the papers were equihbrated overmght in the tank 
before the mobile phase was added 

Ahquots of extracts from the tetrahydrocortisone incubations Mere 
chromatographed with the system ethyl acetate-isooctane-methanol-wafor 
(150 50* 100 100), and the steroids were located by dipping the developed 
chromatograms in a 4 per cent solution of phosphomolybdic acid (PMl) 
in ethanol and heating them for 10 minutes at approximately 00“ In 
addition, tetrahydrocortisone was detected by dipping the developd 
chromatogram into a freshly prepared solution of equal volumes of 01 
per cent aqueous tnphenyltetrazohum chloride and 10 per cent NnOli 
in 60 per cent aqueous methanol (TPTZ) The metabolite vas detectcl 
by a modification of the Bush (6) method for the detection of 17,20 diol 
The developed chromatograms were spiayed with a 1 per cent solution of 
HIO 4 2 H 2 O in 0 4 N H 2 SO 4 in 75 per cent aqueous ethanol Tlie paper 
was allowed to hang ivithout drying for 30 minutes and was then dned 
in a current of air at room temperatuie and sprayed vith a solution of 
0 1 N NaOH m 80 per cent aqueous ethanol After being dried again at 
room temperature, the 17-ketosteroid produced was detected by spraung 
the paper with a freshly prepared solution of equal volumes of 15 per cca 
KOH in absolute ethanol and 0 2 per cent metadinitrobenzene in abso u 0 
ethanol 

Ahquots of extracts obtained from the 17-hydroxypregnano one ^ 
cubations were chromatographed with the system tolucne-isooc an 
methanol-water (150 50 160 40) The 17-hydioxypregnanoIone 
was detected wuth fair success by dipping the developed c irom a^ — ^ 

more, was washed repeatedly with distilled water by decantation ^ .< 

dned in air, it was screened, and the 200-250 mesh fraction was was 
before and activated by being heated at 120° for 8 to 12 hours 
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m a 15 pel cent solution of phosphotungstic acid in ethanol and heating 
it foi 20 nnnutes at 90° The metabohtes pregnane-3a,17a,20a-tnol 
and its C-20 epimei were detected with the trichloroacetic acid reagent 
( 7 ) 


Results 

Incubation of Tetrahydrocortisone—The unfoitified nhole rat h-\er ho- 
mogenate showed little or no activity when incubated with tetrahydro- 
coitisone but, when nicotinamide was added, about 25 per cent of the 
steroid was reduced at C-20 as judged by the Porter-Silber deteinnnation 

Table I 

Reduction of C-20 Carbonyl Group of Tetrahydrocorlisone 
by Various Fractions of Rat Liver Homogenates 
The conditions and components other than the enz3'me source are those given in 
the text for small scale tetrahydrocorlisone incubations 


Experiment 

No 

Washed mito 
' chondna 

, 1 

Alicrosomc ^ 

Fracljoi) $2 ; 

! 

Fraction Si 

Boiled frac 
lion Sj 

Per cent reduction 
of tetrah>dro- 
cortisone 


ml 

ml 

ml 

ml 

ml 


1 

1 



1 

1 1 


5 3 


1 



I 1 


20 7 




1 

1 


48 7 

2 

1 


j 

1 


15 7 





1 


' 4 5 




1 



65 7 

3 


1 

1 

1 


22 5 



1 


i 

1 

30 7 

1 

1 

1 

1 


1 i 


62 3 


The addition of DPNH to the pieparation increased the reduction to 
about 50 per cent, and the addition of sodium fiimarate lesultcd in a 
further small increase 

Diphosphopyridme nucleotide, tiiphosphopyridine nucleotide (TPN), 
and Its leduced form (TPNH) could be substituted for DPNH without 
appieciable change in the activity of the vhole homogenate oi the So fi ac- 
tion but, since DPN is the least expensive of these nucleotides, it i\as 
used in most of the large scale incubations 
Sodium fumarate could be leplaced b}'' the sodium salts of a-ketoglutaric 
acid, isocitric acid, and oxalacetic acid nithout appreciable change m the 
activities of the whole homogenate oi the So fi action, but sodium fumarate 
was invaiiably used in these experiments 
Experiment 1, Table I, shows the actmties of the nutochondria and of 
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the mitochondria plus S3 compared with the activity of S2, and demon^lratc 
that the greater part of the activity is in the S2 (microsome plus supera-ifant 
solution) fi action Experiment 2 demonstrates the lelative mactmti'of 

the S3 fraction, and Expeiiment 3 gives the activities of tiic microsome 
alone and in combination with S3 and with boiled S3 The original or 
reconstituted S2 fractions have always been the most active preparation* 
As a prehminaiy to the large scale experiments, 4 mg of tetrahidro- 
cortisone weie incubated with proportionately larger amounts of addd 
factors and S2 The crude extract was dissolved in 1 ml of methanol, 
25 lA volumes were chromatographed, and the results vere assessed as 
indicated in Table II The metabolite is the non-reducing substance 


Table II 

Paper Chromatography of Extracts from Inmihabon of Tcirahjdrocorlmnc 
The enzyme source was Fraction Sj from rat liver homogenate For the con-'i 
tions and other components, see the text 


Rf values and tests used 


Sample chromatographed 

PMA 

Penodate on 
dation plus 
Zimmermann 
reaction 

TPTZ 

Extract of umneubated mixture 

0 77, 0 88 

None 

Not done 

Tetrahydrocortisone (control) 

0 76 

tl 

t( (t 

1 

Extract of incubated mixture 

0 49, 0 71, 0 90 

0 50 

0 70 

Tetrahydrocortisone (control) 

0 72 

: 

None 

0 7o 


which has an Ep value of 0 49 to 0 50 and which gives a 17-ketostcroi(l 
on oxidation ivith periodic acid The system used does not resolve mi!: 
tures of cortol, /S-cortol, cortolone, and /?-cortolone (3), the i?r values for 
these steroids were in the range 0 48 to 0 53 Aliquots of the extract* 
were chromatographed also in systems suitable for the detection 0 < 

ketosteroids, but none were found 

In one of seveial large scale experiments, 65 mg of tetrahydrocor i-on 
were incubated in the system and under the conditions desenbe un 
“Materials and methods ” Countercurrent distnbution of the 
purified extract gave two well separated components Tins vas 
by paper chromatography of aliquots of the contents of a num er 0 
The contents of tubes 8 through 26 gave a crystalline lesidue vine h 
combmed, xveighed 18 9 mg Two crystallizations ' .jiciitic 

fine needles which melted at 261-262° On admixture vi * 
sample of ^-cortolone (m p 260-261°) (3) the melting point 
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depressed The triacetate, piepared in the usual way with acetic anhy- 
dude and pyiidine, melted at 202-203° On admixture uuth authentic /3- 
coitolone triacetate (m p 202-204°) (3), the melting pomt uas unchanged 
In addition, the infraied spectia of the isolated and authentic tnacetates 
were identical The second, moie mobile component proved to be un- 
changed tetrahydrocortisone 

Incubation of 17-Hydroxypregnanolone — The prehnunary incubation ex- 
periments w^ere evaluated as described under “Materials and methods ” 
When the developed chromatogiams nhich represented either the incu- 
bated 01 umncubated (control) vessels were treated A\nth the phosphotung- 
stic acid reagent, it ivas noted that the 17-hydroxypregnanolone had an 
Rf value of 0 61 m the described system The trichloroacetic acid reagent 
gave positive results only when applied to the developed chromatograms 
from the incubated vessels Two discrete spots which gave a blue flu- 
orescence under ultiaviolet light (noth a source emitting at approximately 
366 mg) were noted This indicated the presence of substances which 
had Rf values of 0 35 and 0 43, respectively 

In the large scale experiment, 40 mg of 17-hydroxypregnanolone veie 
incubated vnth the Sa fraction from rat liver homogenate under the condi- 
tions described under “Materials and methods ” Partition chiomatog- 
raphy of the partially purified extract on a silica gel column gave the fol- 
lowing results 24 mg of unchanged 17-hydroxypiegnanolone were eluted 
in Fractions 7 through 10 The next component, which vas eluted m 
Fractions 14 through 19, gave 8 4 mg of cubic crystals, m p 220-221° 
On admixture with an authentic sample of pregnane-3a,17a:,20|3-triol 
(mp 217-217 5°), the melting point was 218-219° Acetylation of the 
isolated metabolite, followed by crystallization from aqueous methanol, 
gave needles which melted at 198-200° W^hen mixed v ith an authentic 
sample of pregnane-3a,17Q:,20/3-triol-3,20-diacetate (m p 198 5-199°), the 
melting point was not depressed In addition, on paper chromatography 
m the described system, the Rf value of the isolated free steroid corie- 
sponded to that of authentic pregnane-3Q:, 17Q;,20/3-triol and gave a '^imilai 
blue fluorescence with the trichloroacetic acid leagent The second me- 
tabohte was eluted in Fractions 20 through 23 Ciystallization from 
methanol gave 3 2 mg of needles n hich melted at 254 5—255 5° The 
acetate melted at 159-161°, and, when it v as mixed w ith authentic preg- 
iiane-3Q:,17a,20a-triol-3,20-diacetate (m p 158-159°), the melting point 
^\as not depiessed The isolated fiee steioid had the same Rf lahie as 
authentic piegnane-3a,17a:,20a-triol m the S 3 'stem desciibed and gaie a 
similar blue fluorescence when the papei was tieated with the tiicliloro- 
acetic acid reagent 

Twm similar experiments were earned out m which rabbit luer ser\ed 
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as the enzyme souice In the first of these TPN '\\as used, and 14 Q 
of piegnane-Sa, 17a;,20a-tnol and 9 4 mg of its C-20 epimer i\eie obtmiS 
In the second, DPN ^\as added, and 5 3 mg of pregnane-3a,17a,20d Inol 
and 11 4 mg of its C-20 epimei were recovered ' 

DISCUSSION 

The enzymatic conversion of tetiahydrocoitisone to )3-coitolone reported 
in this paper is in accoid mth the demonstration that significant 
of ^-coitolone were excieted after the administration of tetrahydrocortisonc 
to a man (8) Eailiei, Fukushima and his associates (3) reported the 
isolation of /5-cortolone and thiee i elated steioids from the urine of a pa 
tient given adrenocorticotropin These steioids w’ere legaided as niefabo 
htes of hydrocortisone, and it now appears from our results that, in tlie 
metabolic sequence, tetrahydrocortisone is an immediate precursor of jS 
coitolone 

The recovery of piegnane-3a,17a:,20a-tiiol and its C-20 epimer after tiie 
incubation of 17-hydroxypregnanolone with lat liver homogenate is in 
agreement with the general view that, m man, pregnane-3a,l7a,2{)atnoI 
is a metabohte of 17-hydio\3q)regnanolone, which in turn is derived from 
17-hydroxyprogesterone Previously, 17-hydroxypregnanolone has been 
recovered fiom the urine of normal humans and from the urine of patient' 
with adrenocortical lesions (see Appleby and Noiymberski (9) for re\icie) 
and recently we have shown that the oial administiation of 17-hydrotv 
pregnanolone and 17-hydroxyprogesteione to a man is followed b) tl 
excretion of pregnane-Sa, 17a:,20a-tiiol and a small amount of its C2<t 
epimei 

These results were compared with those of Recknagel and Glenn (2j 
and Hubener and his associates (10) with respect to the coenzynie require 
ment The former investigators meubated cortisone wnth rat liver micro 
some preparations and showed that reduction at C-20 occurs only m tbe 
presence of TPNH or a TPNH-generating system The present result'^ 
are m essential agreement mth these in that they show' that a phospbop} 
ridine nucleotide coenzyme is required The observation that DPi > 
TPN, and their dihydro forms Aveie equally active may be mterpretci o 
mean either that the reaction is not ivholly specific for TPNH or i n 
conversion of the diphosphopyndme nucleotides to the tnphosphopjri 
nucleotides occurred in the presence of the Ss fraction <(^1 

associates (10) incubated a number of steroids wnth wdiole or rnc 
rat liver homogenates and decided that TPN is not a cofactor 
of explanations may be advanced to account for this conclusion 
likely that, since that ratio of steroid to tissue w as high an t le loni 
was relatively dilute, sufficient TPNH wms present to pernii 
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reaction In their fractionation experiments, they found that the S2 
fraction was less active than the whole homogenate and that the nucio- 
somes alone were inactive The loss of actl^aty m these prepaiations may 
have been due either to destiuction of the endogenous TPNH-generatmg 
s3’-stem 01 its removal duimg the fractionation procedure Further, the 
apparent ineffectiveness of the addition of TPNH to the homogenate could 
have been due to the omission of mcotmaimde which is customanl}’- added 
to in vitro systems to inhibit nucleotidase activity 
These consideiations do not account foi the fact that Hubener and his 
associates obtained cortolone after the incubation of tetrahydrocoitisone, 
wheieas only /3-cortolone was isolated m these experiments A survey of 
the hterature revealed other similarly conflicting results Table III sum- 
marizes the results of a number of investigators m terms of the steroids 
incubated or perfused, the enzyme source employed, and the metabolites 
formally identified It lists only those metabohtes m ivhich reduction has 
occuried at C-20 and in which the configuiation at that position has been 
determined Since several techniques were used to fractionate the tissue 
and various methods were employed to isolate the metabohtes, it is difficult 
to compare the results in detail If the comparison is based on the struc- 
tures of the metabolites isolated, it is clear that, although both epimers 
have been obtained in some instances, the 20/3 isomer has been isolated m 
the majority of cases, legaidless of which steroid or enzyme souice vas 
employed Hubener and his associates (10) believe that a factor of sub- 
strate specificity IS involved Relative to the reduction of the C-20 
carbonyl group, they have concluded that the 20/3 epimer is foimed pie- 
dominantly when the substrate has an 11/3 h5'^dro\yl group, and that the 
20a epimer is the chief reduction product when a carbonyl group 01 no 
functional group is present at C-11 Inspection of Table III shows that, 
although some of the results (11, 13, 16, 17) suppoitthis conclusion, others 
(12, 14, 15) do not We believe that it is possible to account for some of 
the apparently conflicting results on other as yet h3’'pothetical grounds 
In view of the evidence that the known p3uidine nucleotide deh3’'drogenases 
show complete stereospecificity for the as3m'imetric carbon atom of the 
substrate (18), it seems certain that liver contains both a 20a- and a 20^- 
hl'^droxysteroid dehydrogenase This suggestion is supported (a) b3’^ the 
demonstration of Talalay and Marcus (19) that extracts of Pseudomonas 
Sdccharophila contain both a 3a- and a 3/3-h3'’dro\3^steroid deh3'^di ogenase, 
Q>) by the results of Foichielh (12), vho isolated both A-'-pregnene-l7a,- 
20a,21-tiiol-3-one and its C-20 epimer after incubation of A^-pregneiie- 
17«,2l-diol-3,20-dione with rat hvei homogenate, and (c) by our reco\cn 
of both of the pregnanetriols epimeric at C-20 after incubation of 17- 
hvdroxypregnanolone with rat livei homogenate If it can be postulated 
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that the properties and intracellular localization of the 20a- and the 203 
hydroxysteroid dehydiogenases differ slightly, it seems piobable that their 
relative actmties in the several types of preparations vould be diiTercnt 


Table III 

Enzymatic Reduction of C-20 Carbonyl Group of Various Steroids 


Steroid studied 

Enzyme source 

Jletabohte identified 

Bib! d. 
gnpiii 
refeit^ e 

Deoxycorticosterone 

Hog liver ho- 
mogenate 

A^-Pregnene-20a,21-diol-3 one 

(11) 

A^-Pregnene-17c>:,21- 

Rat liver ho- 

Allopregnane-3j3, 17a,20j3,21-tet- 

(12) 

diol-3,20-dione 

mogenate 

rol 

A^-Pregnene-17cr , 20)3, 21-tnol-3- 
one 

A^-Pregnene-Ha , 20a , 21-tnol-3- 
one 

A^-Pregnene-lTa , 21- 

Rat liver ho- 

A^-Pregnene-17a,20a,21-tnol 3- 

(13) 

diol-3,20-dione 

mogenate 

one 


A^-Pregnene-17a:,21- 

Hog liver ho- 

A''-Pregnene-17Q:,20a,21-trioI 3- 

(11) 

diol-3,20-dione 

mogenate 

one 


A^-Pregnene-17a, 21- 

Rat liver ho- 

A‘'-Pregnene-17a,20o',21-tnol 3- 

(10) 

diol-3,20-dione 

mogenate 

one 

(14, 15) 

Cortisone 

Rat liver per- 
fusion 

AlIopregnane-3)3, 17or , 20)3, 21-tet- 
rol-ll-one 

A^-Pregnene-17a,20)3,21-triol 3, 
11-dione 

A^-Pregnene-ll)3, 17a, 20)3, 21-tet- 
rol-3-one 

Tetrahydrocortisone 

Rat liver ho- 
mogenate 

Pregnane-3a, 17a, 20a, 21-tetrol- 
11-one 

(10) 

(( 

Rat liver ho- 

Pregn an e -3a ,17a, 20^ ,21-tetrol- 

This 


mogenate 

11-one 

paper 

Hydrocortisone 

Rat liver ho- 
mogenate 

i 

A^-Pregnene-lI^ , 17a , 20^f , 2I-te t 
rol-3-one 

A^-Pregnene-17a,20^,21-triol 3, 

11-dione 

(10) 

Hydrocortisone-4-C*^ 

Rat liver per- 
fusion 

Allopregnane-3)3 , lip, Ha, ‘20p ,21- 
pentol 

A^-Pregnene-11^, 17a , 20P, 21-tet- 
rol-3-one 

(16) 

(10) 

Piegnane-3Q;,11|3, 

Rat liver ho- 

Pregnane-3a, 11^, 17a, 20)J, 21-pen 

17a,21-tetrol-20- 

mogenate 

tol 


one 

Pregnane-3a , 17o;- 

Rat liver ho- 

Pregnane-3a , 17a , 20a-triol 
Pregnane 3a, 17a, 20^ tnol 

This 

paper 

diol-20-one 

mogenate 

(17) 

Progesterone 

Rabbit liver 

Pregnane 3a, 20a diol 


homogenate 

’ 
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As an alternative suggestion, Dr Kuit Isselbacher has pointed out to us 
that some of the piepaiations may have contained an isomeiase capable of 
effecting inveision of the hydioxyl gioup at C-20 

We wish to thank Di Kail Pfistei of Meick and Companj'', Inc , foi the 
l7-hydio\ypiegnanolone and the tetiahydiocortisone used m these e\peii- 
ments and foi a leference sample of piegnane-3Q:,17a,20a-tnol, Di T F 
Gallaghei foi a piepubhcation copy of the papei by Hubenei ct al (10) 
and foi lefeience samples of cortol, j8-cortol, cortolone, and i3-cortolone, 
Di Eliahu Caspi foi a pi epubhcation copy of the paper by Caspi and Hechtei 
(16), Di Ralph Dorfman foi a thesis summaiy of the vork of Di 
Eniico Foichielh, Di Seymoui Liebeiman foi the mfiaied spectium of the 
isolated /3-coitolone, and Di Hans Hiischmann foi a reference sample of 
preguane-So; , 17a , 20/3'ti iol-3 , 20-diacetate In paiticulai, ve desne to 
thank Dr Paul Talalay foi his illuminating vievs on enzyme nomenclatuie 

This investigation was suppoited by lesearch giants No A-272(C3) and 
No C-2210(C) fiom the National Institute of Aithiitis and Metabolic 
Diseases and the National Cancel Institute, the National Institutes of 
Health, Public Health Seivice 


SUMMARY 

1 Tetrahydrocoitisone and 17-hydioxypiegnanolone have been in- 
cubated with a fiactionated homogenate of lat liver in the piesence of a 
pyiidine nucleotide coenzyme, mcotinamide, and sodium fumaiate 

2 /3-Coitolone vas obtained flora tetiahydiocoitisone and piegnane- 
3a,17a,20Q:-triol, and its C-20 epimei fiom 17-hydio\j'piegnanolone 

3 These lesults have been compared iMth those obtained b}’' othei 
investigatois in this field 
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STEROIDS OF GUINEA PIG URINE* 

Bt FERNAND G PfiRON and RALPH I DORFMAN 
With the Technical Assistance of Arline M Tillotson 
(From the Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts) 

(Received foi publication. May 23, 1956) 

Aftei Nadel and Schneidei (1) had indicated the piesence of cortisol in 
the mine of normal guinea pigs, some aspects of the natme of the adreno- 
cortical secretion in the guinea pig m addition to the effects of adienocortico- 
tropic hormone (ACTH) thereon were elucidated by Burstem et al (2, 3) 
In addition, the effect of an ascorbic acid-deficient diet on the excretion of 
urinary coiticosteioids in the guinea pig has also been studied in the same 
laboratories (3) Various workers have reported the presence of 17-keto- 
steroids m the urine of noimal, ascorbic acid-deficient, and ACTH-stimu- 
lated guinea pigs as detected by the Zimmermann reaction, but no identi- 
fication of these materials has been reported (4-6) This communication 
IS concerned with the identification of 3a,II/9-d]hydrox5’-etiochoJan-17-one, 
3a , 11/3- dihydroxyandrostan- 17- one, 3a-hydroxyandrostane- 11,17- dione, 
3a-hydroxy-A® “-etiocholen-17-one and 3a-hydroxyetiocholan-l7-one as a 
mixture, and Sa-hydroxy-A® “-androsten-17-one as the mam 17-ketosteioid 
components of urine from ACTH-stimulated guinea pigs In addition, 
the structure of the previously described compound steroid Ila (2, 7) has 
been elucidated as being 2a,ll/3,l7a,21-tetrahydro\y-A^-piegnene-3,20- 
dione (2a-hydroxycortisol) Burstem (8) has independently established 
the structure of this compound 


Methods 

Nineteen normal adult male guinea pigs (600 to 700 gm ), obtained from 
the Rockland Farms, New City, New^ York, weie placed m metabolism 
cages, and the urine wms collected for 7 days as previouslj^ described (1) 
The ammals w ere permitted access to food and w ater foi a period of 3 hours 
each day, and the mine w'as collected during the subsequent 21 hours 
After the daily feeding and watering period, and prior to being placed 
m the metabohsm cages, each guinea pig w as injected mtiaperitoneally with 
8 lu of ACTH (ACTHAR Gel Armour), the administration of which 
"as repeated once each day for 7 days 

*This work waa supported in part by research grant No NSF-G661, from the 
National Science Foundation, by contract No AT(30-1)-91S, United States Atomic 
^nergj Commission, and bj a grant from the American Cancer Socieli (Institu 
bonal Research Grant INSTR-63C) 


S77 



878 


ISOLATION OF STEROIDS FROM URINE 


The 7 day pooled urine was extracted Mith ethyl acetate as preinou K 
described (1), and juelded a neutral extract A Subsequently, neutral c\ 
tract B u as obtained after an 8 minute hot acid hydrolysis (15 per cent con 
centrated HCl by volume) of the urine and reextraction vith etliyl acetate 
In order to minimize the effects of excessive pigments and extrancoih 
non-steroidal material on the subsequent paper chromatograms, extract-: V 
and B veie chromatographed on silica gel columns as recommended In 
Romanoff (9) Nine fractions were collected, the solvents used to chitc 
the column being, for Fraction 1, benzene, Fractions 2 to 4, benzene eth\l 
ether mixtures in ratios 2 1, 1 1, and 1 2, lespectively. Fraction 5, etlicr, 
Fraction 6, ethyl acetate, Fraction 7, ethyl acetate-acetone 1 1, Fractions, 
acetone, and Fraction 9, methanol The volumes of Fractions 1 to 0 and 
the amount of silica gel used for preparation of the columns vere deiicndent 
on the xveight of crude extracts A and B (c/ Romanoff (9)) The cortico- 
steroids, as ascertained by control runs, and the subsequent paper chronn 
tography of each eluted fraction (1 to 9) were shoira to be oliitcd 
m Fractions 6 to 8, while 17-ketosteroids were eluted m Fractions 3 to o 
No corticosteroids were demonstrated m any of the fractions obtained from 
neutral extract B, although trace amounts of 17-ketosteroids v ere detected 
in Fractions 3 to 5 of neutral extract A The latter fractions verc com 
billed with Fractions 3 to 5 of neutral extiact B The puiiSed neutral 


extracts thus obtained were designated as Fi actions Ai and Bi 

Fractions Ai and Bi vere chromatographed on paper witli conventional 
solvent systems (10-12) The extracts avere chromatographed first m tlic 
chloroform-formamide system, and the 17 hour runoff a\as treated in tlic 
same system for 7 hours The 7 hour runoff avas chromatogiaphed in the 


toluene-propylene glycol system and the 40 hour runoff m the ligroin pro- 
pylene glycol system for 120 hours The 120 hour hgrom-propylene gljcol 
lunoff was chromatographed in the same system for 40 hours and the riinofl 
paititioned again m the hgrom-propylene glycol system for 7 hours Ti'C 
7 hour hgrom-propylene glycol runoff was not collected Indiaudual corti 
costeroid zones aaeie detected by use of the blue tetrazohum reagent ( 
and by examination of the chromatograms under ultraviolet light (Mmw 
alight, Ultra-Violet Products, Inc , South Pasadena, California) T c 
ketosteroid zones avere detected by development of the chromatogram 


avith the Zimmermann reagent (10) 


EXPERIMENTAL 

Steroids of Fraction A i 

The 17 hour chloroform-formamide system resolved neutral 
into SIX zones aaRich aa ere detected by examination of the c iroma 
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under ultraviolet light Four of these zones also reduced BT No addi- 
tional zones which absorbed ultraviolet hght or reacted vith the BT or 
Zunmerniann reagent weie detected on the chromatograms run in the other 
systems The positions occupied by these zones on the chiomatograms 
were almost identical to those already reported by Burstem ei al (3) Elu- 
ates of our Zones I, IV, and VI ^vere identified by methods prenouslj’’ 
reported (3) and shown to be 6/3, 11/3, 17a:, 21-tetrahydro\y-A^-pregnene- 
3,20-dione (6/3-hydroxy cortisol), 11/3, 17a,20a,21-tetrahydro\y-A^-piegnen- 
3-one, and coitisol, respectively Our Zone II, ivhich had the same 
characteristics as steroid Ila of Burstem and Dorfman (7), was identified as 
2a , 1 1/3 , 17a , 21-tetrahydroxy-A^-pregnene-3 , 20-dione (2a-hydroxycortisol) 
2a-Hydroxycortisol {Zone II ) — The eluates of Zone II, obtained from 
seven chromatograms run for 17 hours m the chloroform-formannde sj’^stem, 
vere combined and brought to dr 3 mess in vacuo The ody residue vas 
dissolved in a mixture of ethanol-ethyl acetate (1 1) and crystallized from 
this solvent, thus affording a few mg of white rhombic plates melting at 
190-191° (uncorrected, Kofler rmcro hot stage) The substance reduced 
BT, and had a sulfuric acid chromogen spectrum identical Avith steroid 
Ila-ac of Burstem and Dorfman (7) and an ultraviolet absorption mavimum 
in methanol at 242 my Smce the acetylated product of Zone II (m p 
227°, E 317, €a,at = 14,600) exhibited a mobihty behavior remimscent 
of a-hydroxylated steroids after acetylation, an authentic sample of 2a, 17a,- 
21-trihydroxy-A^-pregnene-3,ll,20-trione^ (2a-hydroxycortisone) uas ob- 
tained and acetylated After the acetate of the eluate from Zone II had 
been oxidized with chromic acid for 1 mmute at room temperatuie (13), 
250 Y of the reaction product and 200 y of 2a-hydro\y cortisone diacetate 
were chromatographed singly and admixed in the toluene-prop 3 dene gl 3 col 
system for 7 hours The positions occupied b 3 ^ 2a-hydroxycortisone di- 
acetate and oxidized acetate from Zone II on the chromatograms, as ascei- 
tamed by examination of the chromatograms with ultranolet hght, and 
their reaction ivith the BT reagent weie identical No separation of the 
two compounds was observed m the mixed chromatogiam Elution of all 
three chromatograms and careful infrared spectroscopic analysis of the 
eluates yielded infrared spectra which were identical for all three eluates 
hydroxyl at 3600, ester carbonyl at 1750, C-20 carbonyl at 1712, conjugated 
carbonyl at 1695, a double bond at 1620, and acetate at 1240 and 1222 
cm Sulfuric acid chromogen spectra of 100 j of authentic 2 a-h 3 'dro \3 - 
cortisone diacetate and oxidized acetate from Zone II were identical and 
possessed absorption maxima at 317, 405 (I), and 462 my (I), and niinima 
at 240, 385 (I), and 455 m^i (I) 

* Kindly donated by Dr A Zaffaroni of S3 nte\, S A , I^Icmco, D F 
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Steroids of Fraction Bi 

Chromatogiaphic lesolution of the steroid components of Fraction B 
was accomplished m the hgi om-propylene glycol system In all, four zone! 
(I to IV) which reacted ivith the Zimmermann reagent ere rendered \ lablc 
on chromatograms run in the hgroin-propylene glycol system for 120 hour- 
(L-P-G-120), and two zones (I to II) on the subsequent chromatogram^ 
run in the same system for 40 hours (L-P-G-40) In Fig 1 is a diagram 
matic presentation of the separation obseived after development of the 
chromatograms Mith the Zimmeimann leagent 



L-P-G-120 


SL 



L- P-6-40 


Fig 1 Zones on chromatograms run in hgroin-propylene glycol for 120 hour! 
(L-P-G-120) and hgroin-propylene glycol for 40 hours (L-P-G-40) and detected vnlh 
the Zimmermann reagent Zone L-P-G-120-I was identified as 3a, 11^ dih)drox) 
etiocholan-17-one, Zone L-P-G-120-II as 3a,ll/3-dihydro\yandrostan-17 one, Zone 
L-P-G-120-III was unknown, Zone L-P-G-120-rV’ as 3 a-bydro\yandrostanc II, 1< 
dione, Zone L-P-G-40-I as a mixture of 3a-hydro\y-A® ‘'-etiocholen-17 one and 3a 
hydro\yetiocholan-17-one, Zone L-P-G-40-II as 3a-hydroxy-A' "-androsten 17 one 
The location of the zones is indicated on the scale in cm from the starting line ( 


L) 


3a,lip-Dihydrovyetiocholan-17-one {L-P-G-120-I) ^Elution of Zone 
L-P-G-120-I, followed by acetylation, yielded a product which, vhen ciro 
matographed m the hgroin-propylene glycol system for 40 hours sing) or 
admixed inth 3a: , 1 l^-dihydroxyetiocholan-17-one-3-acetate, shon e i on i 

cal chromatographic behaviors Elution of L-P-G-120-I acetate an su 
sequent infrared analysis confirmed the identity of this compoun 
3a, 11 fi-Ihhydroxyandrostan-17-one {L-P-G-1 20-11) The ma 
Zone L-P-G-120-II was acetylated and chromatographed in t o i 
propylene glycol system for 24 hours Mixed chromatograms o ® 2 

of L-P-G-120-II acetate Math pure 3a,ll)3-dihydroxyandros an ' 
acetate showed no separation The infrared spectrum o e 
3Q;,lli8-dLhydroxyandrostan-17-one-3-acetate was identica "i 

L-P-G-120-II acetate 
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Sa-Hydroxyandrostane-ll,17-dione {L-P-G-m-IV)—ThQ identity of 
Zone L-P-G-120-IV was established in the same manner as for Zones L-P-G- 
120-1 and II , that is, by comparison of the paper chromatographic mobility 
of its acetate, singly and admixed mth standard 3 a-h 3 '’dro\yandrostane- 
ll,17-dione-3-acetate, and by infraied spectroscopy 
Mtxture of 3a~Hydroxy-A^> ^^-ehocholen-17-one and Sa-Hydrozyehocholan- 
17-one {L-P-G-40-I) — L-P-G-40'I had the same mobihty as 3a-h3'^dro\3^- 
etiocholan-17-one (etiocholanolone) and the corresponding unsaturated 
A® " analogue, and separation of these two substances could not be effected 
m mixed chromatograms Since infrared spectroscopy of eluates of L-P-G- 
40-1 showed certain similarities but over-all different infrared spectra from 
etiocholanolone and 3Q;-hydroxy-A® “-etiocholen-17-one, the possibihty 
existed that L-P-G-40-I was a mixture of both of these compounds That 
this was in fact the case was demonstrated by the analysis of the absorption 
spectrum of 100 y of Zone L-P-G-40-I m sulfuric acid (14) by a method de- 
veloped by Savard ^ The amount of etiocholanolone and 3a-hydroxy- 
A®' *^-etiocholen-17-one in L-P-G-40-I was found to be approxunatelj’- 60 
and 40 per cent, respectively, of the total Zimmermann-reactmg material 
Sa-Hydroxy-A^ ^''■-androsten-17-one {L-P-G-40-H) — ^The infrared spectra 
of eluates of Zone L-P-G-40-II and authentic 3a-hydroxy-A® ^’-androsten- 
17-one were identical 


DISCUSSION 

The isolation of a hydroxylated compound at the C-2 position of the 
steroid nucleus has already been reported by Axelrod and Miller (15) m 
the form of 2|3,17/3-dihydroxy-A^-androsten-3-one after perfusion of the dog 
liver vuth testosterone The isolation of 2a!-hydroxycortisol by Burstem (8) 
from the urine of guinea pigs, confirmed in oui experiment, repiesents the 
second instance m which a steroid hydroxylated at the C-2 position is ob- 
served and indicates another new avenue to uhich steroids are diiected, 
probably before they are metabohzed further m the animal oi gamsm The 
likelihood that the 2)8-hydroxycortisol isomer also is excreted in the uiine 
of the guinea pig is tenable in view of the fact that Zone III and its acetate 
found on the 17 hour chloroform-formaimde chromatogram hax e mobihty 
characteristics which are m accord with such a possibility 
Although the majority of the coiticosteioids vhich are excieted in human 
urine are isolated as saturated ring A metabolites, in contradistinction, all 
corticosteroids ivhich have been isolated at the present time from guinea 
pig urme possess the A‘'-3-keto conjugated double bond m ring A T he 

’ Savard, K , to be published This method consists of the comparison of the sul- 
func acid spectrum of the unknown with those obtained with mi\turcs of known 
composition of etiocholanolone and 3a-h} droxj -A® ”-etiocholcn-l(-onD 
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fact that the tetiahj^dio compounds urocoitisone and urocortisol (IG) were 
not found in gmnea pig urine after injection of ACTH oi cortisol ndnam- 
tration (7) suggests that corticosteioids aie metabolized in a manner differ 
ent from that in man The isolation of urinary steioids hydroxjlatcd at 
the C-2 and C-6 position of the steroid nucleus m the normal, ACTH- and 
cortisol-tieated guinea pig (3, 7) may be consistent iiith the findings of 
Axelrod and Aliller in the dog (15) that hydioxylation of testosterone 
precedes its breakdomi or metabohsm, and that oxidation is also the major 
initial alteration of coiticosteroids in the gmnea pig before the snb'c 
quent metabohe steps 

The 17-ketosteroid picture, however, is in accord with what has been 
found m man, namely, that the C-19 unnary steroids are of the nng A satii 
rated variety The presence of 3a-hydroxy-As- ”-etiocholen-17-onc and 
the corresponding unsaturated andiostane compound is considered (o to 
an artifact of acid hydrolysis by dehydration of 3a,lli8-dihydro\\cfio 
cholan-17-one and 3Q:,llj3-dihydroxyandrostan-17-one, respective!} 

The ll-o\ygenated C-19-saturated steroids isolated fiom guinea pig 
urine aie undoubtedly of adrenal origin, since testicular tissue in nro 
contributes pnmarily C-19 11-deoxy type steroids to the pool of unn3i\ 
steroids However, it is not knowm at the present moment w'hether thc.c 
C-19 ll-o\ygenated steioids are leleased as C19O3 steroids by the adrenal 
or aie the end products of corticosteroid metabohsm, which are finalh 
excieted in the urine 


SUMMARY 

2a, 11^, 17Q:,21-Tetrahydio\y-A^-pregnene-3 ,20-dioiie (2a-hydio\ycorh 
sol), 3a,ll/3'dihydroxyetiocholan-17-one, 3a,llj3-dihydro\yandrostan 17 
one, 3a-hydioxyandrostane-ll,l7-dione, 3a-hydro\y-A® “-etiocholcn 17 
one and 3a-hydroxyetiocholan-17-one as a mixture, and 3a-hydro\\ 
A®-’^-androsten-17-one have been isolated from the urine of the guinea pig 
injected wnth adrenocoiticotropic hormone 

Addendum — Since the submission of this papei for publication, idenfificnhon of 
Zone L-P-G-120-II has been accomplished and is 3 a:-hydro\jetiocholanc , 
one Its identity was ascertained by infrared spectroscopJ^ mobility ° 
and acetjdated product on paper chromatograms nath and 
stance The free compound, when crystallized from methanol, molted at 
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PURIFICATION AND SOME PROPERTIES OF PHOS- 
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The leversible conversion of S-phosphoryl-n-gly ceric acid (3PGA) into 
2-phosphoiyl-D-glyceiic acid (2PGA) was first shovni to occur in rabbit 
muscle extracts by Meyerhof and IGessling (1) as one step in the pathva}'^ 
of glycolysis These authors determined an equilibrium constant for this 
reaction in crude muscle extracts and showed that only the r>(— ) isomers 
of 2PGA and 3PGA were substrates Although early attempts to purif 3 " 
the enzyme were unsuccessful (1, 2), Sutherland ei al (3) obtained a pai- 
tially purified preparation and demonstrated the participation of 2,3- 
diphosphoiylgly ceric acid in the reaction 
The present investigations have shown that the enzyme from rabbit 
muscle IS qmte stable to most punfication proceduies and a 90-fold purifica- 
tion has been obtained This preparation was free from enolase, and a 
direct determination of the eqmhbrium of the mutase-catalyzed reaction 
was possible No metal ion requirement could be demonstrated for this 
prepaiation, but the enzyme was inhibited by fluoride and heavy metal 
ions and by sulfhydryl reagents As a step tovard further study of the 
mechanism of action of this enzyme, the effects of compounds structural!}^ 
related to phosphorylglycenc acid have been tested, both as substrates and 
as inhibitors 


EXPERIMENTAL 

Materials and Methods 

3-Phosphoiyl-D-glycenc acid was obtained from the Schwaiz Labora- 
tories, Inc , as the barium salt The elementary composition of tins salt 
agreed ivell ivith the formula, BaCsHsOjP 2 H 2 O, and the compound has 
the same mobility upon paper chroniatogiaphy (4) as 3PGA isolated from 
yeast fei mentation mixtures or 3PGA synthesized by the method of Ballou 
and Fischer (5) The material w as free of inorganic phosphate and 2PG \ 

* This research was supported in part by a grant (No A-900) from the Nation il 
Institute of Arthritis and Metabolic Diseases, National Institutes of Health 

t Present address. Department of Biocliemibtr\ , Unucrsita of Colorado School 
of Medicine, Denver, Colorado 
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but the optical rotation, [af°, was onty -620° as compared \n(h n lalu;- 
of —745° for authentic, natural, or synthetic D-3PGA as measured in S 
per cent ammonium molybdate No explanation for this low \alue roiilii 
be found Foi the enzimiatic studies,, solutions of 3PGA were prepared 
by treatment of the barium salt unth Dmvex 50 (Na+), and the concenha 
tions of 3PGA in these solutions were determined polanmetncallj Tin, 
mateiiai did not requiie the addition of 2,3-diphosphor3dgljccric nod 
for enzyme activity 2-Phosphoryl-D-glycenc acid ivas sjmthesized tj 
the method of Ballou and Fischei (6), and 2,3-diphosphoryI-DgIiccnr 
acid was isolated by the procedure of Greenwald (7) and added routinch 
in all enzj’-me assays when synthetic substrates iveie present Crystalline 
euolase was obtained by the method of Warburg and Christian (8) Pro- 
tein was determined by the method of Lowry et al (9) 

Two types of assay of enzymatic activity ivere made 
Assay A — ^The mutase was coupled vnth crymtallme enolase (3) under 
such conditions that the mutase reaction was the rate-limiting step in ffie 
sequence 3PGA — ^ 2PGA — > PEP, and the formation of pliospliocno' 
pyiuvate (PEP) was followed by the increase in light absorption at’W 
mp The 3 0 ml of assay mixture in a cuvette of 1 cm diameter conlaintd 
5 X 10“® M MgCIz, 3 3 X 10“' M imidazole buffer at pH 7 0, excess crjstal 
line enolase, and either 2 0 X 10“® m 3PGA or mutase at the rcquiwKl 
dilution The reaction was started by addition of the missing componcnl 
(substrate or mutase) and the change m optical density at 240 m/i un' 
followed in a Beckman model DUR recording specti opliotometer The 
mutase pieparation was diluted so that a change of 0 075 in optical don 
3 ity was obtained in approximately the 1st mmute of the reaction In 
this region, the rate of change of optical density was directly proportion^ 
to the amount of mutase present Under the above conditions, 1 unit o 
enzyme activity is defined as that amount of enzyme which can fomiOl 
mmole of PEP per minute (the molar extinction coefficient of PEP 's a 

sumed to be 1500) ^ j c i if 

Assay B — Assays by the polarimetric method of Meyerhof and c iii z 

(10) also w’-ere made, particularly in activation and inhibition ^ 
Mixtures of 2 5 X 10~® m imidazole buffer and either 1 8 X 10 
or 0 9 X 10“^ M 2PGA as substrate plus any agents that were to 
as activators or mhibitors were equihbrated at 37° The rcac lo 
started by the addition of mutase, and 2 0 ml samples were , 

desired intervals Each sample xvas added to 1 7 ml of 25 per 
ammonium molybdate m a 5 ml volumetnc flask Tins 
stop the reaction and to provide ammonium molybdate or i 
metric measurement of 3 PGA The flasks w'ere dilute o xo 

1 C E Ballou, personal communication 
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water and the optical lotation was measured with a Keston polarimetei 
attachment foi the Beckman model D spectrophotometer or inth a con- 
ventional polaiimetei With either polarimeter, the limit of accuiacy i\as 
±0 02° This vaiiation led to a limit of erroi of 5 per cent m the studies 
m which the conveision from 2PGA to 3PGA occurred, and of 20 pei cent 
when the reaction pioceeded in the reverse direction 

Enzyme Punficahon 

Extraction Step I — The rabbit w^as anesthetized vnth Nembutal and 
bled from the neck The back and hind leg muscles v ere removed quickly 
and placed on ice prior to passage through a chilled meat grinder All sub- 
sequent steps were carried out at 4° unless otherwise stated The ground 
tissue was extracted with 1 5 times its weight of cold distilled ivater foi 
15 minutes and then strained through gauze The extraction w^as repeated 
for 10 minutes mth an amount of water equal in w^eight to the ground tissue 
and the extract w'as again stramed and then piessed m order to increase 
the amount of extract obtained 

First Heat Denaturation Step II — ^The combined extracts were col- 
lected m a 6 hter flask, placed m a large w^ater bath at 65°, and swirled 
continuously so that the temperature of the extract rose to 55° in 8 to 10 
minutes A heavy precipitate foimed at this temperature and the flask 
w'as kept in the bath for an additional 5 nnnutes w'hile the tempeiature was 
allowed to reach but not to exceed 60° The flask was transferred to an 
ice bath, cooled to below" 10°, and the extract wms centrifuged m a refiig- 
erated centrifuge at 3000 r p m for 15 minutes Any particles that floated 
m the supernatant fluid w"ere removed by filtiation thiough glass wool 

Ammonium Sulfate Precipitation Step III — Solid ammonium sulfate 
was slowly added wuth mechanical stirring to the clear led solution to give 
a final concentration of 550 gm per hter Aftei standing overnight, the 
mixture was centrifuged at 3000 r p m for 60 nnnutes The tuibid super- 
natant fluid w"as discaided and the piecipitate was suspended in 50 ml of 
cold W"ater This suspension w"as dialyzed^ against a 4 liter lesen^oir of 
water which was changed five times during an 18 houi peiiod The precipi- 
tate which remained was lemoved by centrifugation 

Second Heat Denaturation Step IV — Inndazole buffer, pH 7, and 3PG-\. 
Meie added to the clear supernatant fluid from Step III to gne final con- 
centrations of 2 X 10-2 and 2 5 X 10“^ jr, lespectnely The addition 
of 3PGA w"as essential for stabilization of the mutase in subsequent puri- 
fication steps The procedure used for Step II was repeated, although 
the time required wms much shelter and tuibiditj" appeared at 50 Care 
must be taken that the temperature does not exceed 60° oi that the 5 

* Dialjsis bags were soaked in 10~- m Versene prior to use 
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minute penod of exposure above 55° is not extended A heavj precipitate 
Mas removed by centrifugation at 10,000 r p m for 10 minutes 
First Akohol Fractionation Step 7— The supernatant fluid from Step 
IV was placed in an ice bath and 0 1 of its volume of polyethylene ghcol 
(average molecular weight 400) was added Then 95 per cent ethanol 
which had been cooled to -10° was added from a burette i\ith mechanical 
stiirmg and at such a rate that the temperature of the mixture nc\cr 
exceeded 3° A total of 35 ml of ethanol was added per 100 ml of snjicr 
natant fluid The mixture was left in the ice bath for 15 minutes after 
addition of the alcohol and then centrifuged at 0° for 20 imnutes at 12 oOO 
1 p m , the precipitate was discarded and the volume of the supernatant 
fluid was recorded An additional 135 ml of alcohol for each 100 ml of 
this fluid were added undei the conditions used above The addition i\?s 
made over a 30 minute period and the precipitate uas allowed to form for 
30 minutes m the ice bath before it was centrifuged at 10,000 r p ra and 
0° for 10 imnutes The supernatant solution was discarded and the pre- 
cipitate was suspended m 25 ml of cold water, dialyzed for 3 houia vnth 
three changes of water, and centrifuged in order to remove insoluV' 
material The supernatant solution was made 2 X 10'- m mth rc'pcct 
to imidazole buffer of pH 7 and 2 5 X 10~^ m with respect to 3PGA 
Second Alcohol Fractionation Step VI — 7 5 ml of 95 per cent ethanol 
per 10 ml of the supernatant fluid from Step V weie added, as in the 
previous step, over a 30 minute period to the solution nhich was kept in an 
ice bath durmg the addition and for 16 hours thereafter Centrifugation 
at 10,000 r p m and 0° for 10 imnutes removed a precipitate vliich va« 
discarded The volume of the supernatant solution was noted pnor to its 
return to the ice bath and an additional 5 7 ml of ethanol nere added per 
10 ml of supernatant solution over a 30 nunute interval A fine vbitc 
precipitate appeared durmg addition of the alcohol, and the mixture wm 
centrifuged as before after 30 imnutes storage on ice The precipitate 
dissolved m 10 ml of 0 015 m iimdazole buffer, pH 7, and any insolu c 


material was removed by centnfugation ^ 

Starch Electrophoresis Step VII — The procedures and apparatus vere 
those described by Paigen (11) The trough of the apparatus vas ^ 
ivith a suspension of 0 05 M imidazole buffer, pH 7, and potato stare 
mixture of starch and mutase from the second alcohol fractiona ion 
added at the origin, and a potential of 300 volts vas apphe 
30 cm trough for 20 hours The trough was then disconnecte ro 
electrode vessels and a strip of Whatman No 1 filter paper vas 

3 Attempts at this stage to punfy the enzyme further bi 
momum sulfate or with zinc chloride plus ammonium sulfa e ga 
fractions, but none had marked enrichment 
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against the slaich The papei lemoved excess buffei and could be tieated 
wjtli a piotcin stain, bi oinoplicnol blue (12), and used as a guide for section 
of the staich The enzjnne i\as found in a 2 cm band Mhich ^^as 2 5 cm 
fiom the oiigin towaid the anode 

Enzjmie piepaiations at vaiious stages of puiification ha\e been stoied 
fiozen foi 6 mouths and at 2-10° foi seveial m eeks inth httle loss m actn lt^ , 
but lepeated fieezmg and thauing led to a lapid dechne in actmt}’- 

RESULTS AND DISOUSSION 

In twenty piepaiations of the enzj'^me, the piotein concentiation of the 
initial extiact uas found to vaiy fioni 8 to 20 mg per ml In extiacts 
with high initial piotein, a 10-fold purification was the maximum obtainable 


Table I 

Pin ification of Muiase 


Step No 


1 

ActlMtj, 
units per ml 

Mg of 
protein 
per ml 

Specific 
acti\it>, 
units per mg 
of protein 

Total units of 
act!\it\ 

I 

Extraction 

160 

s 

18 7 

168,000 

II 

1st heat denatuntion 

150 

4 

37 4 

150,000 

III 

(NH 4 )>S 0 ^ pptn 

1500 

28 

53 5 

135,000 

IV 

2nd heat denaturation 

900 

9 5 

95 

129,000 

V 

1st alcohol fractionation 

1428 

10 

143 

54,300 

VI 

2nd “ 

8000 

15 

533 

80,000 


aftei Step VI (Table I), iihile, in preparations in which the piotein was ini- 
tially lows a 30-fold purification w as achie\ ed at tlie same stage The ini- 
tial enzymatic activity pel ml was the same whethei the total protein was 
high or low^ Stai ch electrophoi esis remov ed two pi otein impurities and re- 
sulted m a further 3-fold eniichment without loss m total activity The 
enzyme gave one peak in the ultiacentrifuge (s 2 oo = 3 69) which was chai- 
acteiistic of a homogeneous piotein with a moleculai weight m the legion 
of 50,000 (Fig 1) How^evei, the piepaiation still contained two com- 
ponents which could be distinguished when the mateiial was subjected to 
boundary electrophoi esis at pH 8 2 

The Michaehs constant was deteinimed foi 3PGA from a Lincweaiei- 
Burk plot (Fig 2), and a value of 5 0 X 10"^ m was obtained From the 
same data the turnovei numbei at enzyme satin ation and at pH 7 was 
calculated to be 5 X 10® m pei minute Hthough many gb coh tic enzymes 
are piesent m muscle in laige amounts, none shows tins degree of actnit\ 
"i vitro, save that triose phosphate isomeiase does approach this acti\it\ 
"ith a turnover numbei of 1 X 10® u pei minute (13) It is of mtoioM 
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that i.oth ol these laind en/.yn.alic uvk t.oiis aie le.ulih , .,1 , 1 . 1 1 . 

ical agents The phosphate nugiation, 2 PGA 3PG \ 

acid and the triose isomerization by alkali ^ 1,^ 






Fir 2 The relationship bet^^ een substrate conceinralion 'iiicl oiizMii itic loli'i*' 
as determined b 3 ' Assa} A, 37° and pH 7 0 in 0 03 ai imid irolc bufTer 

The enz3’'me exhibited optimal activitj" at pH 7 0 in imida/olc btilTor 
The deciease in activity on eithei side of this optimum tan lie a‘-tnl)(’(l 
shifts in the ionic species of the substrate oi enz3aiie oi both lafhcr tinn F' 
enz3nne denaturation, foi the enz3mie could be maintained at pH laltit 
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fiom 3 4 to 10 for 15 minutes at 0° with no effect on subsequent enzymatic 
activity (assaj^s weie earned out at pH 7), (Fig 3) 



Fig 3 Optimal pH of phosphorj Iglyceric acid mutase Assajs were made in 
0 10 M imidazole buffer b}' Assay A (Assay by the polarimetnc method, although 
less sensitive, gave the same optimum ) 

Table II 


Fluoride Inhibition of Enzyme Activity 


other agents 

Concentration of fluondc 

Inh ibition 



^fr cent 

2PGA 3PGA 



None 

1 X 10-3 

100 

(( 

5 X 10-3 

90 

(( 

1 X 10-3 

0 

5 X 10~^ M Mg++ 

5 X 10-3 

90 

1 X 10~’ “ Versene 

3PGA 2PGA 

1 X 10-3 

S5 

None 

1 X 10-3 

90 

(< 

1 X 10-3 

0 

5 X 10-3 M Mg++ 

1 X 10-3 

90 

5 X 10-3 “ 

1 X 10-3 

0 


In contiast to phosphoglucomutase and many other enzymes that 
catalyze phosphate transfer reactions, no metal ion requirement could be 
demonstrated for phosphorylglyceiic acid mutase Dial} «is against ■\’’er- 
sene or Done\ 50 (H+) did not reduce enzymatic activit}, and addition 
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of metals to the dialj'-zed enzyme had no activating effect Direct addition 
of "^^ersene to the incubation mixture of Assay B to give a final co'ncenlra^ 
tion of 3 X 10-3 M did not alter enzymatic activity, hence, it noiild appear 
that, if metals do play a lole in this reaction, they must be tightlj bound to 
the piotem Hoivevei, the puiified enzyme vas stiongly inhibited b\ 
fluoiide ions at 10-^ m (Table II) The concentiation of fluoride iilnch 
produced inhibition was independent of added metal ions, and no eiidcnco 


Table III 

Effect of Metal Ions and Sulfhydryl Inhibitors on Phosplwrylglyccnc 

Acid Muiase 

Inhibitors B^ere added directly to the enzyme assay mixture unless otlierni'ein 
dicated 


Inhibitor 

Concentration 

Inhibition 


u 

^er cenl 

2PGA 3PGA 



Hg++ 

1 X 10-< 

100 

Ag+ 

1 X 10-* 

So 

Ba-+^ 

1 X 10-^ 

0 

Mg++ 

1 X 10-= 

0 

Cu++* 

2 5 X 10-5 

DO 

p-Chloromercuribenzoate* 

5 X 10-5 

100 

lodoacetate* 

1 X 10-5 

70 

3PGA -> 2PGA 

1 

1 

Hg++ 

1 X 10-5 

70 

Ag+ 

1 X 10-5 

70 

Pb++ 

1 X 10-5 

0 

Zn++ 

X 

O 

1 

0 

Cu++ 

1 X 10-5 

0 

p-Chloromercuribenzoate* 

1 X 10-5 

100 

lodoacetate* 

1 X 10-5 

CO 


* Preincubation ■« ith the enzyme for 10 minutes at 37° in the absence of siibstnlp 


was found for a metal-substrate-fluoride inhibitor complex such as tlioje 
found for enolase (8) and phosphoglucomutase (14) The high ' 
concentration might suggest a non-specific inhibition, but a simp e si 
effect IS excluded since chloride or cyanide at equal or gi eater concen ra 
tions did not mhibit It would appear that fluoride acts in some spen^^ 
but as yet unknown mannei An apparently similar type of inhibition v- 
leported by Nikiforuk and Colowick (15) for adenylic aci 
Of the metal ions tested by direct addition to the incubation 
of Assay B, silvei and mercury ions at 10 ~^ m inhibited 
suggested that there might be S^ups at or new 

matically active site It had been previously reported (3) 
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had no effect on the acti\it 3 of phosphor} lgl 3 -cenc acid mutase in crude 
extracts, but nc haie found that incubation of the purified enz 3 Tne with 
10“^ u lodoacetate or m p-chloromercunbenzoate before addition of 
substrate effectnel} inhibited enz 3 Tnatic actmt} Cupnc salts, which 
arc known reagents foi sulfh 3 dr 3 l groups, did not inhibit when added to 
the enz 3 me in the presence of substrate but did inhibit when the eaz 3 Tne 
was prenoush incubated with the cupnc salts in the absence of substrate 
These results indicate a protection of the active site b}- the substrate As 
both 2PGA and 3PGA exhibit this protectn e influence, it will remain high 
throughout the reaction (Table III) 


Tvble IV 

Inhibition of Mutate by Structurally Related Compounds 
The reaction measured was 2PG\ — ♦ 3PGA. 


Compounds 

1 

Inhlbitioii 

CH, CHOH CHOPOMt COOH (d-) 

1 1 

1 37 

fer ctr' 

35 

CH, CHOPO.H; CHOH COOH (d-) 

3 0 

35 

CHj CHOPO.H'. COOH (d-) 

, 3 7 

65 

CH.OPO^; CH- COOH 

' 4 0 * 

0 

CH, CHOH COOH (d-/ 

' 4 0 1 

1 30 

CH.OH CHOH COOH (d-) 

4 0 j 

! 30 

CH.OPOiH- CHOH CHO fo-) 

4 0 ; 

(15)* 

CH, CH- COOH 

4 0 

0 

1 


* Value of questionable significance as an inhibition 


The inhibitor}' actmt}' of sei eral compounds structural!}' related to the 
substrates was tested b} Assay B, and the results are summarized m Table 
For the inhibition of the reaction 2PGA — 3PGA, the inhibitor w ould 
appear to need a terminal carbox}'! group and a phosphor}'Iated or free 
hydroxyl group on the a-carbon These structures are itahcized m Table 
The nature of the substituents on the /3-carbon did not appear to be 
critical for this inhibition Further work with structurally related com- 
pounds Will be required to re\ eai the importance of the stereochemical 
configuration of the inhibitor and of the structural requirements for inhibi- 
tion of the reverse reaction In addition to their inhibitor} action (Table 
BQ, the phosphor} l-D-eiw'throdihydrox} but}'nc acids could sene as sub- 
strates for the mutase, although the reaction was several thousand-fold 
slower than that for the normal phosphoiy'lgh cenc acid substrates The 
cquihbnum constant for the reaction of the phosphon'leiythrodibydrox}'- 
butync acids was 3 9 at pH 6 8 and 3/° 
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COOH 

I 

HCOPO3H2 

I 

HCOH 

I 

CH, 

2-PhosphoryI-D- 
erythrodih 3 ’'droxy- 
butync acid 


COOH 

I 

HC— OH 

I 

HC— OPOjH, 

I 

CH, 

3-Phosphor} 1-D- 
erythrodih} dro\y- 
butync acid 


Since the purified mutase was fiee fiom enolase, a direct deternuDation 
of the equilibrium constant for the reaction 2PGA SPG A was pos^ibb 
Meyerhof and Kiesshng (1) had measuied this equilibrium m cnicle rabbit 
muscle extracts and had found a value of 6 Fiom the data of Warburg 
and Christian (8) for the eqmhbnum of the enolase-catalyzed reaction au'l 
the over-all eqmhbnum of the coupled enolase- and niutasc-cataljad 
leactions, one may calculate an eqiuhbiium constant of 3 for the reictioi 
2PGA i=; 3PGA Ballou and Fischer (6) lepoited a value of 4 1 forth 
acid-catalyzed equihbnum of 3PGA 2PGA in 1 n HCl The enzrrac 
catalyzed equilibrium was measured at pH 6 8 and 37° by Assay B mth 
both 2PGA and 3PGA as the starting component The results are shonii 
m Fig 4 and the eqmhbnum constant, K — 3PGA 2PGA, vas obsenedto 
be 5 0 



Wl I IN U I C.S incubated 

Fig 4 The change in optical rotation when either 2PGA or 3PGA 3 ; ^ 

with purified mutase Enzyme incubation was made by Assa} at p 
optical rotations were made in S per cent ammonium molybdate le ■> 

2PGA and -745° for 3PGA (6) 
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SUMMARY 

Phosphoiylglyceiic acid miitase A\as extensively purified from rabbit 
skeletal muscle The enzyme AA'as found to have a high turnover number 
and a pH optimum at 7 0 No metal ion lequirement for enzyme activity 
could be demonstiated but the enzyme A\as inhibited by lO'^ m fluonde 
The mutase a\ as inhibited also by heavy metal ions and sulfhydryl leagents 
A numbei of compounds i elated to phosphoiylglyceric acid Avere tested 
as inhibitois, and ceitain stiuctuial featuies v^ere concluded to be essential 
foi such inhibition The equihbiium constant for the enzymatic intei- 
conversion of the tAvo phosphoiylglyceric acids Avas 5 0 

We AAUsh to acknoAA'ledge gifts of synthetic 2-phosphoryl-D-glyceiic acid 
and 3-phosphoiyl-D-glyceiic acid, and the phosphoiyleiythrodihydroxy- 
butjuic acids fioni Di C E Ballou and the gift of crystalline enolase from 
Mr Film Wold The ultiacentiifuge and electiophoretic analyses AA^ere 
conducted in the laboiatory of Di H K Schachman 
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THE SYNTHESIS OF l-ASCORBIC ACID IN THE RAT FROM 
d-GLUCURONOLACTONE and l-GULONOLACTONE* 


Bi J J BURNS AND CAROLE EVANS 

{From the Research Seiviec, Third {New York University) Medical Division, Goldwaier 
Mcmoiial Hospital, New York, New York, and the Laboratory of Chemical 
Pharmacology, National Heart Institute, National Institutes of 
Health, Bethesda, Maryland) 

(Received for publication, June 15, 1956) 

Previous studies have shovii that the intact carbon chain of glucose is 
utihzed for the synthesis of L-ascoibic acid in the rat (1-3) E^adence for 
this piecuisor lelationship came from expeiiments in which the administra- 
tion of carbon 1- and caibon G-labeled glucose tiacers resulted in the urinary 
excretion of L-ascorbic acid labeled predominantly in carbon 6 and caibon 1, 
respectivelj’’ Although these earliei studies uere carried out in rats 
receiving Chloietone to increase then noimal rate of L-ascorbic acid bio- 
sjmthesis (4), recent results have shorni that glucose is also a precursor of 
L-ascorbic acid in lats not treated with this drug (5) 

Two possible pathways for the biosynthesis of L-ascorbic acid fiom glu- 
cose in rats liax'^e been investigated One, involving L-sorbose as an inter- 
mediate, was ruled out m a previous isotopic study (6) The other path- 
way involving D-glucuronolactone and L-gulonolactone as intermediates is 
shovTi in the accompanying scheme 
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* This study as supported in part by the Josiah Macy, Jr , Foundation, Ne^i 
York, New York 
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Some evidence for this latter scheme has been piesentcd pre\iousl\ 
Isherwood and covorkers (7) reported that the administration of d glucu 
ronolactone and L-gulonolactone to rats produced an increase m the iiniinn 
evcretion of L-ascorbic acid In addition, Horovitz and Ihng (S) found 
that the adnnmstration of uniformly labeled D-glucuroiiolactoiie to Chlore 
tone-treated rats resulted in the excretion of unifoimly labeled L-ascorhic 
acid 

In the present investigation further evidence foi this pathwa} of in'; 
corbic acid biosynthesis was obtained by demonstrating that normal and 
Chloretone-treated rats are able to convert carboxyl-labeled d glucurono 
lactone and L-gulonolactone to carboxyl -labeled L-ascoibic acid ’ Ilosults 
were also obtained which indicate that neithei compound is coinertcd lo 
L-ascorbic acid in guinea pigs Incidental to this study, observations were 
made shovang that L-gulonolactone is appreciably oxidized to CO* in 
guinea pigs and rats 


EXPERIMENTAL 

Radioactive Compounds — ^D-GIucuronolactone-6-C“, sodium D-glucutou 
ate-G-C^^, and n-glucose-l-C^^ were obtained from the National Bureau 
of Standards, Washmgton, D C , and the compounds had specific nctnitics 
of 0 68,0 65, and 1 0 pc pei mg , respectively L-Gulonolactone-l-C’wa^ 
synthesized by reduemg sodium D-glucuronate-6-C'^ vTth sodium boro- 
hydride (10) ^ The L-gulonolactone-l-C” had a specific activity of 0 17 
pc per mg after recrystallization from glacial acetic acid Material pro 
pared in a non-radioactive trial S 3 mthesis had a melting point of ISI-lSi 
and an optical rotation of [a]^® -1-53 6° (c 0 3, water) (10) Its elemental 
analysis was as follows 

CeHjoOs Calculated, C 40 4, H 6 66, found, C 40 2, H 5 S4 

L-Gulomc acid-l-C^^ was prepared by treating L-gulonolactone-l-C’^ at 50 
with a stoichiometric amount of NaOH m aqueous solution 
Experimental Animals — Male albino rats of the Wistar strain, veighiaf 
from 270 to 310 gm , v ere maintained on a basal diet of ei aporated ini 
foi at least 10 days before each experiment In the expeiiments on t c 
effect of Chloretone, 45 mg of the drug were admimstered daily foi a pen 
of at least 4 days prior to the injection of the labeled compound 
Chloretone was given in a single dose by stomach tube as a lioinogcnn^c 
in 1 ml of evaporated milk Male guinea pigs, neighing 250 to 30 ^gn|^i 
vere maintained on a vitamin C-free diet supplemented dailv uit i a " 

^ A preliminarj report of this i\ ork has been presented previouslj Ifi) 

* Some details of this synthesis iv ere kindb' supplied b\ Dr H 
National Bureau of Standards, Washington, D C 
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of L-ascoibic acid orally for 7 days pnoi to each experiment The labeled 
compounds employed m the vaiious expeuments were dissolved m 1 ml. 
of watei, and they weie admimsteied by intrapeiitoneal injection 
Convei Sion to h-Ascotbic Acid — The conveision of the various precursors 
to L-ascoibic acid m noimal lats and guinea pigs was determined by estimat- 
ing the amount of C''*-L-ascoibic acid piesent m the animal 24 hours after 
administration of the labeled compounds This was done as follows The 
animals weie saciificed, and then livers, adrenals, spleens, testes, and 
kidiie3's weie lemoved The pooled sample of the various tissues of each 
animal uas homogenized in the cold iiith about foui times its v eight of 5 
per cent trichloi oacetic acid, and the protein residue uas lemoved by 
centrifugation n-Ascoibic acid present m the supernatant fluid Avas 
deteinuned bj’' titiation of an aliquot with mdophenol dye (11) The 
L ascorbic acid in the lemaming supernatant fluid was isolated by an ion 
exchange method (4, 12) after the addition of a neighed quantity of earner 
L-ascorbic acid (100 to 200 mg ) The specific activity of the n-ascorbic 
acid piesent oiiginallj'^ in the tissue sample was calculated from the specific 
actmty of the isolated n-ascorbic acid and the amount of n-ascorbic acid 
present before addition of carrier The per cent incorporation of the 
various labeled precursois into L-ascorbic acid ivas obtained by multiplying 
the calculated specific actiAuty (expiessed as per cent of dose pei mg ) by 
the body pool of L-ascorbic acid, 10 mg pei 100 gm body n eight foi rats 
(4) and 5 4 mg per 100 gm body n eight foi guinea pigs ® The results of 
these experiments give minimal values for the mcorpoiation of the various 
labeled compounds into n-ascorbic acid, since no correction is made for 
the amount of labeled n-ascoibic acid metabolized and excreted in the 
urine during the 24 hour period after their admimstration This correc- 
tion would be relatively small, hower^er, since L-ascorbic acid is slowly 
metabolized and excreted by normal rats and guinea pigs ivith a half life 
of about 3 days m both species (4, 13) 

The conversion of the various labeled compounds to n-ascorbic acid in 
Chloretone-treated rats ivas deteinuned by measuring the incorporation 
of into urinary n-ascorbic acid collected during a 24 hour period after 
admimstration of the labeled compounds (1, 6) 

Degradation Procedure — The in carbon 1 of n-ascorbic acid A\as ob- 

tained as CO 2 by decarboxylation noth hot mineral acid (1) 

Measurement of Radioactivity — ^The method for collection and prepara- 
tion of samples and their assay for were described previously (6) The 
radioactive purity of the n-ascorbic acid isolated from urine and tissues 
Was established by finding constant specific actnnty of the n-ascorbic acid 

* Dayton, P G , and Burns, J J , to be published 
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and its 2,4-dmitrophen3dosazone deiivative aftei successive cnsiqll,- 
tions (1, 6) ‘ ‘ 


Resiilts 

The mcoipoiation of C’'* into body L-ascoibic acid of normal rats\\«^ 
measuied 24 hours aftei the administration of D-glucose-l-C‘^, D-glucurono 
lactone-O-C'-*, L-gulonolactone-l-C“ sodium D-glucuionate G C", and 
sodium L-gulonate-l-C’^ (Table I) It will be noted that the per cent 
incorporation of D-glucuionolactone-6-C^^ and n-gulonolactone-l-C” aicr 
aged 2 2 and 8 1 per cent, respectively, compaied to 0 045 per cent for 


Table I 

Incoi poi aiion of into Body ij-Ascoihic Acid 2Jf Homs after 
Administration of Labeled Compounds to Normal Hats 


Experiment No 

Compound 

Dose of labeled 
compound 

Per cent old ‘tL 

L-35C0rblCJ " 

R-84 

D-Glucose-l-C*^ 

35 0 

0 0« 

R-85 

(< 

35 0 

0 03o 


D-GlucuronoIactone-6-C‘^ 

8 2 

23 

R-22 

t( 

8 2 

20 

R-31 

L-Gulonolactone-l-C'^ 

11 9 

9 1 

R-32 

(t 

11 9 

72 

R-53 

r)-Glucuronate-6-C‘T 

5 1 

<0 2 

R-78 


5 1 

<0 2 

R-49 

L-Gulonate-l-C‘''t 

12 2 

<0 3 

R-52 


12 2 

<0 1 


* For method of calculation see the experimental section 
t Sodium salt 


D-glucose-l-C^^ No C’'’ ivas detected in L-ascoibic acid after adminislra 
tion of D-glucuronate-O-C*^ and L-gulonate-l-C^'', indicating that the lactone 
stiuctures aie apparently lequired for n-ascorbic acid biosynthesis 
The incoiporation of C*"* into urinary L-ascoibic acid dining 24 hour 
following admimstiation of n-glucose-l-C”, D-glucuionolactone G C , 
L-guIonoIactone-l-C^^ to Chloretone-ti eated lats was measuied 
It will be noted that the incorporation of n-glucuronolactone G 
L-gulonolactone-l-C^'’ into uiinary n-ascorbic acid aveiaged 1^2 an 
cent, lespectively, compared to 0 45 per cent for ghicose-l-C‘ 
these aie minimal values for the mcoipoiation of these piecinsor^^^^^^ 
L-ascoibic acid, since about one-half the total L-ascoibic aci sMi 
daily by Chloietone-ti eated rats is not excreted in the mine u 
metabolized (4) The actual values for the incorpoiation of tne . 
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compounds into L-ascoibic acid aie, therefore, about tmce those reported 
in Table II, that is 0 9, 2 4, and 7 2 pei cent for D-glucose, D-glucurono- 
lactone, and L-gulonolactone, respectively These values for the incorpora- 


Table II 


Incorporation of into Urinary -l- A scorbic Acid dining 84 Hours after Administra- 
tion of Vai loiis Labeled Compounds to Chloretone-Treated Rats 


Experiment No 

• 

Compound 

Dose of labeled 
compound 

Per cent of dose in 
i.-a’^corbic acid 

R-1* 

D-Glucose-l-C*^ 

mg 

10 0 

mM 

R 2* 

it 

10 0 


R-5A 

D-Ghicuronolactone-6-C''' 

16 1 

1 1 

R-5B 

ii 

16 1 

1 3 

R 42 

L-GulonoHctone-l-C*'* 

6 4 

3 9 

R-43 

n 

6 4 

3 8 

R-96 

it j 

6 4 1 

3 1 


* Previouslj published experiments (5) 


Table III 


Distribution of in l Ascorbic Acid aftei Administration of Various 
Labeled Compounds to A^ormal and Chloi etone-Treated Rats 


Experiment No 

Compound 

Per cent of total C>* in i- 
ascorbic acid in carbon 1 

Normal 

R-20 

ri-Glucuronolactone-6-C“ 

85 

R-22 


83 

R-31 

L-Gulonolactone-1-C“ 

87 

R-32 

H 

87 

Chloretone-treated 

R-5A 

D-Glucui onolactone-6-C“ 

88 

R-5B 

f( 

92 

R-42 

L-Gulonolactone-1-C“ 

84 

R-96 

<( 

85 


tion of labeled D-glucuronolactone and n-gulonolactone to L-ascorbic acid 
in the Chloretone-treated rat are similai to those obtained for the incor- 
poration of these lactones into L-ascorbic acid in the non-drug-treated 
animal (Table I) However, it should be noted that there is a marked 
difference in the incorporation of labeled glucose into L-ascorbic acid in 
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normal and Chloretone-treated rats which is a reflection of the mcre^ ol 
amounts of n-ascorbic acid synthesized in the ding-treatcd animal ( 4 ) ' 
The distribution of m the L-ascoibic acid S3mthesized after ndinmr 
tration of D-glucuroiiolactone-6-C'^ and L-gulonolactone-l-C” to normi' 
and Chloretone-treated rats was measured (Table III) Tlie n-ascorb c 
acid isolated m the various experiments was labeled predonunanth m 
carbon 1, indicating that n-glueuronolactone and L-gnlonolactonc are 


Table IV 

C^* xn Body ij-Ascorbic Acid S4 Hours after Administration 
of Labeled Compounds to Guinea Pigs 


Expetiment No 

Compound 

Dose of labeled 
compound 

Per cent cl d i, 
l>ascorb in'* 

G-25A 

D-GIucuronolacfcoi 2 e' 6 -C’< 

ms 

4 9 


G-25B 

(C 

4 9 


G-36 

L-Gulonolactone-l-C*^ 

11 7 

<0’ 

G-37 

it 

11 7 

<0 2 


* For method of calculation see the evpenmental section 


Table V 

in Expired COi and Urine during 24 Hour Period after Inlrapcntontal 
Administration of h-Gulonolactone-l-C^* to Guinea Pigs and Rats 




Per cent ol dose in 

Experiment No 

Species 




i 

COi ; 

Unne 

R-31 

Rat 

69 

29 

R-32 

t( 

68 

22 

G-36 

Guinea pig 

55 


G-37 

f< (i 

67 

I 



converted to n-ascorbic acid mthout appreciable fragmentation o t icir 
carbon chains 

The incorporation of into body n-ascorbic acid of guinea '' 
measured 24 hours after the administration of n-glucuronolactonc 
and L-gulonoIactone-l-C*^ (Table IV) It mil be noted that no e 
incorporation of either compound nas observed in guinea pigj 

bemgless than one-twentieth those in rats fnlloHiii- 

The excretion of in respiratory CO 2 and urine v as compare ^ ^ 
admimstration of n-gulonolactone-l-C^'* to guinea pigs an ra s * 
L-Gulonolactone is appreciably oxidized to CO 2 m guinea pigs 
most of the in CO 2 was recovered mthin 5 hours after t 









.T J BUriNS AND C EVANS 


903 


contiast, sodium gulonate-l-C“ is oxidized to CO 2 to a considerably lesser 
extent than L-gulonolactone-l-Ci^ as shown by the results of the folloivmg 
expeiiment Tv 0 lats each received a 12 mg mtraperitoneal dose of sodium 
L-gulonate-l-C“ and the amounts of in respiratory CO 2 and urme were 
determined ovei a 24 houi period Essentially all the injected was 
found 111 the mine, less than 10 per cent of the dose being present m the 
lespiratory CO 2 


DISCUSSION 

The lesults of this investigation are in agreement with a pathway of 
L-ascorbic acid biosynthesis from D-glucose via D-glucuronolactone and 
L-gulonolactone 111 both normal and Chloretone-treated rats For in- 
stance, finding that carboxyl-labeled D-glucuronolactone and n-gulono- 
lactone aie converted to L-ascoibic acid labeled chiefly in carbon 1 indicates 
that the carbon chain of these lactones is converted without fragmentation 
to L-ascorbic acid Since no information is available on the turnover and 
pool sizes of D-glucuronolactone and n-gulonolactone, it is not possible at 
the piesent time to estimate how much of the total L-ascorbic acid syn- 
thesized each day m normal and Chloretone-treated rats originates via 
these compounds 

The most likely intermediate involved m the conversion of L-gulono- 
lactone to L-ascoibic acid is either 2-keto- or 3-keto-L-gulonolactone 
Since these compounds undergo spontaneous enohzation to L-ascorbic acid 
(14), their role m the biosynthesis of L-ascorbic acid m rats was not eval- 
uated in this study Experiments in rats with C^^-labeled 2-keto-L-gulonic 
acid indicate, hov evei , that this acid is not an intermediate m the conver- 
sion of L-gulonolactone to L-ascorbic acid ^ 

The results of this investigation, indicating that D-glucuronolactone and 
L-gulonolactone are not converted to L-ascorbic acid m the guinea pig, 
point out the possible missing biocheimcal reaction m this species and 
perhaps in man needed for the synthesis of L-ascorbic acid A more 
defimtive conclusion concerning the specific biocheimcal reaction which is 
missing vail be possible when information is available on whether or not 
D-glucuronolactone can be converted to L-gulonolactone in the guinea pig 

It has been known for considerable time that certain drugs such as 
Chloretone and various barbiturates when adrmmstered to rats markedly 
increase the urinaiy excretion of L-ascorbic acid (15) Results of a pre- 
vious turnover rate study shoved that this increase in excretion of L-as- 
corbic acid lesults from an actual acceleration in its rate of synthesis (4) 
The results of the present study suggest that the primary effect of Chlore- 
tone IS to mcrease the synthesis of n-glucuronolactone v^hich is then utilized 
for the synthesis of L-ascorbic acid Support for this interpretation comes 



904 


BIOSYNTHESIS OP L-ASCORBIC ACID 


from the observation that Chloretone admmistration to rats produccc ' 
marked increase in the excretion of both L-ascorbic acid and n glucnron-c 
acid (16) In the guinea pig, however, Chloretone administration results 
only m an increase m the excretion of n-glucuronic acid,^ since this specie^ 
IS unable to synthesize n-ascorbic acid At this time no conclusion can 
dravm on the actual mechamsm by which a drug, such as Chloretone 
accelerates the synthesis of n-glucuronolactone However, the abiliti of 
a drug to be conjugated as a glucuromde is apparently not required, ^mco 
barbital, which is excreted completely unchanged in the urine, innrkcdh 
increases the urinary excretion of both n-glucuromc acid and n-nscorbic 
acid by rats and of n-glucuromc acid by guinea pigs 

SUMMARY 

Carboxyl-labeled n-glucuronolactone and n-gulonolactone are comerted 
m normal and Chloretone-treated rats to carboxyl-labeled L-ascorbic acid, 
indicatmg that the intact carbon cham of these lactones is utilized for ih 
biosynthesis of L-ascorbic acid Carboxyl-labeled n-glucuronic acid and 
L-gulomc acid, however, are not converted to n-ascorbic acid in Ihc ral, 
indicating the importance of the lactone structure in the biosyntheus cf 
li-ascorbic acid 

No conversion of L-gulonolactone and n-glucuronolactone to L-ascorbic 
acid was detected m the guinea pig, an indication of the possible missing 
biocheimcal reaction m this species needed for the synthesis of li-ascorbic 
acid 

Carboxyl-labeled L-gulonolactone was found to be extensivelj' oxidized 
to CO 2 m both rats and guinea pigs Hoxvever, no appreciable oxidation 
of carboxyl-labeled sodium L-gulonate xvas observed 

The authors of the paper gratefully acknowledge the assistance of Dr 
Erxxan H Mosbach m carrjnng out the synthesis of the labeled irgulono- 
lactone 
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THE CON^rERSION OF VARIOUS CARBOHYDRATES TO 
5-DEHYDROSHIKIMIC ACID BY BACTERIAL 
EXTRACTS* 

Bi EDWIN B KALAN.t BERNARD D DAVIS, J P R SRINIVASAN, 
AND DAVID B SPRINSON§ 

(From the United States Public Health Seivice, Tuberculosis Research Laboratory, 
Cornell University Medical College, and the Dcparlmenl of Btochemisiry , College 
of Physicians and Sui goons, Columbia University, New York, New York) 

(Received for publication, June 12, 1956) 

Nutiitional studies Mith bacteiial mutants have shotvn that 5-dehydro- 
quimc acid (DHQ) (1), 5-dehydioslukimic acid (DHS) (2), and shikimic 
acid (SA) (3) aie successn’^e inteimediates in the biosynthesis of several 
aromatic anuno acids and vitanuns 

In order to reveal eailiei leactions in this pathway studies were under- 
taken on the sjuithesis of SA fiom vaiiously labeled glucose by intact 
cells The results indicated that SA arose via a triose and a tetrose (4) 
Meanvhile, for detailed aiiaR'^sis of the pathway a search had been undei- 
taken foi a piepaiation that would carry out these early reactions un- 
hampered by permeability barriers Such a pieparation became available 
through the finding, to be described in the present paper, that some ex- 
tracts of a mutant blocked after DHS can form this compound from various 
phosphorjdated carbohydiates Part of this work has been published in 
prehminary form (5) 


EXPERIMENTAL 

Preparation of Bacterial Extract — ^The reactions sought could have been 
detected through formation of DHQ, the earliest member of this sequence 
that can be readily assayed (1, 6) Howevei, since the DHS/DHQ equi- 
hbrium constant of 15 (7) nught be expected to promote the preceding 

* This work was supported by grants from the American Cancer Society on recom- 
mendation of the Committee on Growth of the National Research Council, the 
National Institutes of Health, United States Public Health Service, the Rockefeller 
Foundation, and the Williams-Waterman Fund 

t Postdoctoral Research Fellow of the United States Public Health Service 
Present address, United States Department of Agriculture, Eastern Utilization 
Research Branch, Philadelphia 18, Pennsylvania 

t Present address. Department of Pharmacology, New York University College 
of Medicine, Nen York 16, New York 

I Established Investigator of the American Heart Association 
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leactions, a mutant blocked immediatel}^ after DHS uas used rather t! 
one blocked between DHQ and DHS ' ’ 

The organism, Eschencha coh mutant 83-2, uas giomi foi IS Ilou^ uuh 
aeration at 37° in 400 ml of minimal medium A (8) supplemented mt), 
0 2 per cent Difco jmast extract and 0 2 per cent casein lijdrohsatc (Shu* 
field NZ-Case) The cells (approximately^ 4 gm uet weight) were h'>r 
vested by centrifugation, u ashed with cold water, suspended m 20 m! 
cold potassium phosphate buffei (m/ 30, pH 7 4), and disnipted b\ meatho' 
some oscillation for 30 minutes in a cooled 9 kc Rajdheon magnetostnction 
oscillator, model S-102A Centrifugation at 12,000 X g for 30 miniitcs u 
0° yielded a cleai greenish yellow^ supernatant solution, winch wnsdihitcil 
wnth the same buffer to a final piotein concentration of 20 mg per m! 
The extract was used without fuithei purification At -15° it retained 
adequate activity for at least 6 mouths 

Assay of DHS — Samples of the incubation mixtuie, taken at zero tir 
and after the stated intervals, w'ere brought to pH 1 with G x IICI ri 
the precipitated piotem was removed by centrifugation 0 1 and 03 n! 
portions of the supernatant solution weie pasteuiized (G0°, 15 mimiU ! 
and were assayed turbidimetrically with a quintuple aromatic auxotroph, 
Aerobacter aerogenes strain A170-143S1 (6) This mutant lespondscquilK 
w'ell to DHQ, DHS, or SA, the last compound w as used as a standard Th'' 
assay medium (final volume 10 ml ) was mimmal medium A supplemented 
wnth 20 y each of L-tyrosme and n-phenylalanme per ml This supplement 
markedly inci eases the sensitnnty of the assay by spaimg a large jnrt ol 
the DHS lequiiement (6) 

IdeniiUcaiion of Reaction Pioduci As DHS — ^Uiidei the assay condition 
used the aiomatic vitamins present in the cuide extiacts would allow 
response not only to DHS oi SA but also to tiyptophan or its known 
specific piecuisors, indole and anthramlic acid Accordingly, a luimlx'r 
of the samples that suppoited groivth of the assay organism were a o 
tested wuth an E coh mutant, 121-35, that lesponds to tij'ptophan or it 
precursors but not to DHS No groxvth of this mutant could^bc 

The material that w^as active in the assay with mutant A170-I43 ' 
equally active foi E coh mutant 83-1, which can respond to D • w • 
but not to DHQ (6) , but theie was no activity foi E coh mutant I5G oil - 
which can respond to SA but not to DHS (9) furthermore, paper 
matograms, developed wuth butanol-formic acid-water (20 14) anc 
by bioautography with stiain A170-143S1, yielded the same r 'i* 
to 0 45) for the reaction product, for authentic DHS (2), anc o’ ^ rLfiiU 
of the two Finally, the active material was conveited on 
treatment to pi otocatechuic acid (see below) and to SA ( h 
isolated 
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Results 

Fomalwn of DHS fwin Ghicose-6 -'phosphate {G-6-P), Incorporation of 
Labeled G-G-P — As shov'ii in Table I, on incubating the bacterial extract 
for 4 hems vitli glucose as substiate the yield of DHS was negligible, but 
it became significant A\hen adenosine tiiphosphate (ATP) was also added 
The jueld vas inci eased 3-fold by pieincubating the glucose and ATP with 
liexoLinase befoie adding the extiact oi by using commercial glucose-O- 
phosphate (G-6-P) as substrate 


Table I 

Conversion of Glucosc-6 -phosphate to B-DehydroshiLimic Aeid 


The reaction mixture contained, per ml , 5 /nmoles of MgCh, 50 /nmoles of potas- 
sium phosphate buffer (pH 7 4), and 0 1 ml of bacterial extract (20 mg of protein 
per ml ) Incubated at 37° for 4 hours See “Experimental” for further details 


Substrate 

Concentration 

Conversion to DHS* 


nmoles fer ml 

per cent 

Glucose 

10 

0 4 

ATP 

6 

0 

Glucose -f ATP 

10 -+- 6 

1 4 

G 6 P (from hexokmase reaction)! 

5 

4 0 

“ (commercial) 

5 

4 0 


* Average values of several experiments The juelds were calculated on the basis 
of a theoretical formation of 6 moles of DHS from 7 moles of hexose 

t The hexokinase reaction mixture contained, per ml , lOO/imoles of tns(hydrox 3 ’-- 
meth}l)aminomethane buffer, pH 7 4, lO/inaoles of MgCb, 10/imoles of KCl, 6/imoles 
of glucose, 6 /imoles of ATP, and 0 2 ml of hexokinase solution After incubation for 
1 hour at 37° 83 per cent of the glucose had been converted to G-6-P, as shovn by 
determination of the decrease of readily hydrolyzable organic phosphate (11) com- 
pared vith a tube without added glucose Further incubation yielded no signifi- 
cant increase in G-6-P Such a 1 hour hexokinase reaction mixture w as used without 
further treatment as substrate for DHS formation 

The yield of DHS from G-6-P was found to be maximal (about 5 pei 
cent) aftei 4 hours of incubation {(f Table HI below), the rest of the G-6-P 
possibty being destioyed through competing reactions Because of the 
small jneld it w as not certain w hethei G-6-P v as incorporated into DHS 
or ivas used merely as an energy source to convert precursors present in 
the crude extract To settle this point labeled G-6-P vas prepared from 
too juinoles of uniformly C^^-labeled glucose by incubating with ATP and 
hexokinase as in Table I Bacterial extract (1 ml) vas then added, 
after 4 hours the mixture (10 ml ) was adjusted to pH 1 with 6 n HCl and 
precipitated protein w'as removed A small sample was assaj'^ed for DHS 
nucrobiologically To the lemaindei 30 mg of cairiei protocatechuic acid 
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^\ere added and the DHS was converted to protocalechuic acid h\ ndd 
0 4 ml of concentrated HCl and boiling for 1 minute (2) Ihc prj- 
catechuic acid w as isolated by ether extinction, followed b} rccnstalhz it. 

Table II 

Conversion of Glucosc-C^* to 5-Dehijdroshihmic Aad 
Uniformly labeled glucose-C‘< was converted successively to G 6 P, Dlb 
protocatechuic acid as described under “Results ” 


Compound 

Actmt) of carbon* 



c put X I0~> 

1 ff 

Glucose 

2 55 

1 

Protocatechuic acid (Experiment 1) 

1 47t 

1 

“ “ J ( “ 2) 

1 S3t 



* Counts per minute at “infinite” tluckness under standard condition dm’ ' 
by the fraction of carbon in the compound 

t Observed activity corrected for dilution with carrier protocatechuic and 
t BaCOs obtained by decarbovjdation of this sample with Cu powder nmlq'Li 
line (4) had an activity of 1 57 X 10® c p m , indicating that the DHS w as c' cnlnl's 
uniformly labeled 


Table III 

Synthesis of 6-Dehydrosliihivnc Acid from Phosphorylalcd CarhohydraU^ 
Reaction mixture as in Table I Substrate concentration 5 pmolcs per ml 


Substrate 

Conr crsion to DIIS' 

2 hrs 

4 hrs 

6 bn 


per cent 

per cent \ 

fit (t~l 

Glucose-6-phosphate 

3 S 

5 4 

5 S 

Glucose-1 -phosphate 

4 0 

1 


Fructose-6-phosphate 

i 4 6 

1 

fi 0 

Fructose-1 , 6-diphosphate 

4 0 

5 0 

u 

Ribose-5-phosphate 

24 

4 0 


6-Phosphogluconic acid 

! 0 

0 

: 


* Average values of several experiments 


from H 2 O The results obtained in two different experiments 
indicated that 60 to 70 per cent of the carbon of the DHS In >ccn 
from the labeled G-6-P This value might be low , ownng to error. 
microbiological deteimination of DHS and to possible ai are <) 
treatment to coniert DHS quantitatively to protocatechiuc acm 
Conversion of Other Phosphorylalcd Carbohydrates to 
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suinnifinzes the lesults obtained vith several substrates The othei 
lie\ose phosphates tested weie as active as G-6-P, and iibose-5-phosphate 
was nearl}^ as active 6-Phosphogluconic acid was inactive, presumably 
ovaiig to the fact that E coh extracts contain very little triphosphopyridine 
nucleotide (TPN) (12), ■\\hicli is needed for the conversion of this compound 
to pentose phosphate 

Conversion of Scdoheptulose-7 -phosphate to DHS — ^The conversion of 
glucose to DHS piesumably lequnes at some stage a 7-carbon, open chain 
intermediate Sedoheptulose-7-phosphate, an mtei mediate of the pentose 
phosphate pathway (13-15), vas therefore tested After 2 hours the 


Table IV 

Synthesis of S-Dehydi oshtkimic Acid from Sedoheptulose-7 -•phosphate 
Reaction mixture as in Table I 


Substrate 

Concentration 

Conversion to DHS* 

2 hrs 

4 hrs 


littutes per ml j 

per cent 

per cenl 

Fructose-1 , 6-diphosphate 

5 

3 2 

4 6 


2 5 

3 2 

3 6 

Sedoheptulose-7-phosphate 

5 

1 0 

3 8 


2 5 

1 5 

4 5 

Fruotose-l,6-diphosphate + sedoheptu- 
lose-7-phosphate 

2 5 4-26 

5 0 

7 0 


* Average values of several experiments 


conversion of this compound v as shght, but aftei 4 hours it was comparable 
to that of the phosphorylated hexoses (Table IV) ^ 

When sedoheptulose-7-phosphate was incubated together vuth fructose- 
1,6-diphosphate, the combination was about twice as efficient m forming 
DHS as was either compound tested singly (Table IV) This findmg 
suggested a series of reactions mvolvmg both substrates One possible 
product of such leactions might be sedoheptulose-1 ,7-diphosphate, a 
recently discovered enzymatic product (16) The high activity of this 
compound as a substrate mil be described m the follomng paper (10) 

Materials and Methods 

Barium G-6-P 7 H 2 O, barium fructose-6-phosphate, potassium glucose- 
1-phosphate, magnesium fructose-1 ,6-diphosphate, and barium ribose-5- 

* Attempts to demonstrate the utilization of free sedoheptulose by intact cells, 
either as the sole carbon souice or as a stimulant of DHS accumulation, vere un- 
successful 











912 


S-DEHYBnOSHIKIMIC \CID 


phosphate were obtained from the Schwarz Laboratories, Inc Ihrm. 
sedoheptulose-7-phosphate and barium 6-phosphoglucointe were 
erously supplied by Dr B L Horecker The barium salts were com crkl 
to the corresponding potassium salts by adding a slight excess of pota« nu 
sulfate and remoxnng the baiium sulfate by centrifugation 
Sodium ATP was obtained fiom the Pabst Laboratories Ilexolvinv 
was kindly supplied by Dr J Gregoiy Uniformly C^<-labeled ghico.' 
w'as obtained from the Nuclear Instiument and Chemical Corporatioa 
Protein concentiation was determined spectiophotonietricalK (17) 
Radioactive samples w^ere counted undei standard conditions at “infinite' 
thickness on stainless steel dishes of 1 sq cm area, and enough counLwerc 
taken to gix'^e a probable error of 5 per cent 

SOTIJIAKV 

An extract of a mutant of Eschencliia colt has been shown to catnliu’ 
the chain of reactions from various phosphorylated carbohydiates to .7 
deh 5 '^droshikimic acid, a precursor of the benzene ring of several nronntie 
metabolites This finding makes it possible to test into mediates m thb 
path that cannot be studied wnth intact cells 
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THE ENZYMATIC CON’^rERSlON OF SEDOHEPTULOSE- 
1, 7-DIPHOSPHATE TO SHIKIMIC ACID* 
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In the preceding paper (1) extracts of an appropnate mutant ol Escher- 
icha coll uere shouni to form 5-dehydroshikinnc acid (DHS), though in 
small jueld, from various phosphoiylated carbohydrates It therefore 
became possible to undertake an enzymatic analysis of the early stages of 
aromatic biosjmthesis 

The present paper uill show that such extracts can form DHS (or its 
mmiediate metabolic pioduct, shikiimc acid (SA)) almost quantitatively 
from sedoheptulose-l,7-diphosphate (SDP), a compound produced enzy- 
niaticallj'’ fi om tetrose phosphate plus tiiose phosphate (2, 3) Further- 
more, carbon atoms 4, 5, 6, 7 of SDP vere shoMui by isotopic labehng to be 
incoiporated into SA (I) exclusively in positions 3, 4, 5, 6 and nuthout 
dilution 


H H 



(I) 

These results, like those on the formation of SA from labeled glucose by 
intact cells (4), indicate that carbon atoms 3, 4,5,6 of SA arise from tetrose 
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phosphate and the other 3 carbon atoms from triose phosphate' Tr 
studies iMth labeled glucose, however, show further that formation of 
could not involve cychzation of the intact carbon chain of SDP V p'lrt ( • 
the present wmrk has been published in prehminary form (6) 

EXPERIiMENTAL 

Bacterial Extracts, Assay of DHS or SA — The enzyme sjstcm con^i'JiHi 
of unfractionated extracts of mutants 83-2 (blocked bctwecnDIIS and 8 \ 
and 83-24 (blocked after SA) The method of prepanng the cxtractb i 
described in the preceding paper (1) Diphosphopyridine nuclcntid. 
(DPN) was removed from certain prepaiations by tieatnicnt luth clnr 
coal (1 mg per mg of protein) at 0° for 30 minutes, followed b\ centn 
fugation at 0° 

The assay for DHS or SA is desenbed in the preceding paper (1) 

Preparation of SDP-4,5 ,6 ,7-C ^* — SDP labeled in carbon atoms4,o,C,7 
was prepared enzymatically 64 mg (114 pc) of n-ribose iimformii 
labeled with C'' w'ere converted to sedoheptulose-7-phosphatc (7) Tr.' 
material wms further converted, in the presence of unlabeled fniclo-c 
1 ,6-diphosphate, to SDP (2), Avhich w^as isolated as the Ba salt 'hif 
over-all yield from nbose w as 27 per cent The BaSDP contained IG 4 pr 
cent sedoheptulose by the orcinol reaction, 4 8 per cent estenfied P (potitn 
phosphatase''), 6 7 per cent total P, and 1 6 per cent inorganic P H'c " 
analyses indicate a purity of 50 per cent and a ratio of P to licplulo'e of 
1 9 (theoretical 2 0) 

Degradation of SDP-4,5 ,6 ,7-C^^The distnbution of activitj m 
labeled SDP w as established by the followang degradation 21 3 mg of tli'' 
Ba salt w ere converted to the potassium salt and dephosphorjdated wit i 
potato phosphatase " After the addition of an equilibrium mixture 
per cent heptose) of sedoheptulosan-sedoheptulose (prepared by 

0 5 gm of sedoheptulosan monohydrate w'lth 50 ml of 1 per cent HC or 
nnnutes over a steam bath (8)) as earner, sedoheptulose osazonc w ^ 
prepared and w as recrystalhzed from aqueous methanol to constant rat 
activity and a reported melting point of 194-197° (8) Yiel 1 

(70 per cent) . 

The osazone (52 mg ) wms dissolved (with w'arming) m 30 m o 
cent ethanol, cooled to 30°, and tieated with 1 8 ml of 1 m i a j ^ 

1 8 ml of 0 3 M sodium periodate (9) This procedure yie e^^^^ 
bisphenylhydrazone of mesoxalaldehyde (from C-1,2,3), orma 
C-4,5,6), and formaldehyde (from C-7) 

' Observations on the origin of protocatechuic acid in Neurospora 
with the same pathwaj in that organism (5) . ^ 

- Prepared according to an unpublished procedure of Dr A orn 
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After 1 hour the bisphenylhydiazone was lemoved by filtration, Avashed 
with uatei, diied in vacuo, and leciystallized from 66 per cent ethanol 
The combined filtiatc and waslungs weie adjusted to pH 6 and treated AVith 
5 ml of 1 M S 1 CI 2 Aftei lemoval of the precipitated lodate and periodate 
salts by filtration, the supeinatant solution ivas acidified with acetic acid, 
freed of CO 2 , and tieated with HgClj (4, 10) The resulting CO 2 (from 
formate lepiesenting C-4,5,6) was collected as BaCOs After removal of 
Hg 2 Cl 2 bj'^ filtration, the pH of the filtiate was adjusted to pH 4 8 and the 
formaldehyde (C-7) was isolated as the dimedon derivative (mp 191°) 


Table I 

Degradation of Scdohcplulose-l ,7 -diphosphate Labeled 
in Carbon Atoms 4 , B, 6, and 7 with (7“ 


Compound or atom 

Activity* 

Observed 

Calculatedt 

Ba salt of SDP 

Sedoheptulose osazone 

c P m 

265,000t 

255,000§ 

c p m 

Mesoxalaldehyde 1,2-bisphenylhydrazone (C-1,2,3) 

0 

0 

BaCO, (C-4,5,6) 

199,000 


Formaldehyde (dimedon derivative) (C-7) 

65,000 



* As in Snmvasan ct al (4) , counts per minute at "infinite” thickness under stand- 
ard conditions divided by the fraction of carbon in the compound and multiplied by 
the number of carbon atoms per molecule With BaCOj derived from more than 1 
carbon atom of SDP the activity was further multiplied by the number of carbon 
atoms represented 

t From the activity of the osazone on the assumption of uniform labeling in 
G4,5,6,7 

t Observed activity corrected for 50 per cent purity of the compound (see “Ex- 
perimental’') 

§ Corrected for dilution with carrier sedoheptulose 

Recrystalhzation from methanol gave material with unchanged melting 
point and activity 

The radioactmties of the various fragments were determined as in the 
precedmg paper (1) The lesults (Table I) show that the SDP ivas labeled 
evclusively in carbon atoms 4, 5, 6, and 7 Furthermore, evidence is 
provided that these atoms, as expected, are equally labeled 

Conversion of SDP-4 ,5 ,6 ,7-C^^ to SA, Degradation of SA—In order to 
obtam a product that could be com'^emently degraded, the conversion of 
the labeled SDP was carried beyond DHS to SA This additional reaction 
requires reduced tiiphosphopyridine nucleotide (TPNH) (11), as veil as an 
appropriate extract (Strain 83-2, used in the previous expeiiments, is 
blocked m this reaction ) 
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Pilot expel iment-s eie fiist peifoimed bj’’ measuring the coin er-ion oi i,t 
labeled SDP to DHS and SA Both Acrohacfer acrogcncs strain U70 l JIn] 
nhich responds to DHS or SA (12), and E colt strain 156 53D2, ulni, 
responds only to SA (13), were employed in the assays .Vftcr mculntu.: 
SDP foi 3 houis nith an extract of mutant 83-24 (blocked after 8 \), tl' 
jueld of DHS nas 75 pei cent and that of SA nas 7cro TP\ wa'; tli' 
added, along nith an excess of isocitiale as a means of regenerating TP\U 
On fuithei incubation foi 10 minutes, the DHS was quantitatnelj rcducul 
to SA Furthermoie, when the isocitrate and TPN nerc added at tli'' 

Table II 


Conversion of Scdoheptulose-1 ,7-diphosplm(c (o 
5-DehydroshiLnmc Acid, DPN Requirement 


Experimental conditions 

Conversion to DlIS 

1 hr 

n-i 


per cent 

Ptr 

Untreated extract 

5G 


“ “ -f- DPN 

56 


Charcoal-treated extract 

0 

0 

“ “ + DPN 

58 

7o 

« « ^ Tpj^T 


j 2S 


Preparation of the extract of E coh mutant 83-2 and its treatment mth clnrcoil 
are described under “Experimental ” The reaction mixture contained 0 1 ml of 
extract (20 mg of protein per ml ) , 0 25 /imole of potassium SDP , 50 aniolcs of po 
tassium phosphate buffer (pH 7 4), and 6 /imoles of MgCl: in a total volume oH ml 
DPN or TPN (0 25 ^mole) was added as indicated After 1 and 2 hours at 37 ,0o 
ml of the solution was treated with 0 01 ml of 6 n HCl, the precipitated 
vas removed by centrifugation, and the supernatant solution vas assajed for 
( 1 ) 

beginmng of an incubation with SDP, the jueld of SAiias again 75 
In the isotopic experiment, 50 pmoles of the potassium salt of la )C ^ 
SDP Mere incubated Mith 20 ml of extiact of E coh mutant 83-24 {20 an 
of protem per ml ), 5 mmoles of potassium phosphate buffer, pH 7 , 
mmole of MgCb, 10 mg of TPN (80 per cent purity), and^4 ° 
d-isocitrate in a total volume of 100 ml After 3 hours at 37 1 ai o 
HCl M as added and the precipitated protein m as removed by centn uga 
Ahquots Mere assayed foi SA microbiologically in duplicate at i 
concentrations The yield M^as 5 1 ± 0 2 mg (29 pmoles), 
to a conversion of 58 pei cent To the lemaindei of the solution 
of carrier SA Mere added SA Mas then isolated and dogracce 
viously described procedures (4) 
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Resxdts 

Conve)sio7i of SDP to DHS — It was shown in the preceding paper (1) 
that a mixtuie of sedoheptiilose-7-phosphate and fiuctose-1 ,6-diphosphate 


Table III 

Incorporation of Scdohcptulosc Dtphosphate-i,5 ,6,7-0^* into Shiliniic Acid 


Compound or atom 

Activity* X 10 ~* 

Barium sedoheptulose-l,7-diphosphate 

c pm 

6200t 

C 4, 5, 6, 01 7 of SDP (calculated) 

1550 

Shikimic acid 

6100t 

Methjl shikimate 

6190 

/rans-Aconitic 'icid§ 

4460 

Itacomc acid§ ^ 

3060 

C-7,1,2,3 of SA|| 

1550 

0 4,5,6 

4400 

C-1,7 

0 

02,6 , 

1530 

03,5 

299011 

02 

0 

0-3 (calculated) 

1550 

04 

1430 

0 5 (calculated) 

1440 

0 6 “ 

1530 

Oarboxyl (C-7) 

0 


* As in Table I With BaCO, or formaldehj'de derived from more than 1 carbon 
atom of SA the activity v as further multiplied by the numbei of carbon atoms repre- 
sented (4) In this form the data foi the constituent carbons of SA are additive and 
are comparable to a labeled atom of SDP 

t Observed activity corrected for 50 per cent purity of compound (see “Experi- 
mental”) In the next line this value is divided by 4 to give activity per labeled 
atom of SDP 

t Observed activity corrected for dilution with carrier SA 

§ The significance of these compounds and the method of obtaining the activities 
of the fragments presented have been published (4) 

11 We are indebted to Dr Milon Sprecher for isolating this fragment from SA 
^ A value of 3030 v as obtained from CO 2 evolved from oxalacetic acid (4), vhich 
also represents C-3,5 

t'as somewhat more efficiently conveited to DHS than vas eithei com- 
pound tested singly Since these two substrates can inteiact, m the pres- 
ence of transaldolase and aldolase, to yield SDP (2), the latter compound 
Was tested by the procedure employed pieviously (Table II) SDP vas 
found to be much moie efficiently converted to DHS than any othei sub- 
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sti ates tested, the values in various experiments ■\ ar^ ing from 33 (o SO p 
cent 

Diphosphopyndznc Nncleohde (DPN) Requirement Jor Comcrmn~[\ 
sjmthesis of DHS (CtHsOs) from SDP (CtHhOt) iin oh es the rcmo\ \\ . 
2 atoms of hydiogen as veil as 2 molecules of vater P;jridmc miclcotid 
vere theiefore investigated as possible cofactois foi this reaction '■conoiiK 
It vas found, as shovm in Table II, that lemoval of nuclcotKlcs In chanoi' 
treatment of the extiact completel}'^ eliminated the formation of DIP 
and subsequent addition of DPN restored full actnity TPN was jnr 
tially effective The activity of the untreated e\ti acts presumabh dojK^ad' 
on the presence of catalytic amounts of DPIST, which would be rcgcncnle! 
undei the conditions of these expeiiments by the DPNH oxidase kiioiui 
to be present m E coh extracts (14) 

Incorporation of SDP-4,5 ,6 ,7-C^^ into SA — ^In order to obtain furthr 
infoimation on the path by which SDP is utilised m this leaction scqneari' 
an expeiiment was peifoimed with SDP-4,5,6,7-C''* Since dcgradi(''>, 
pioceduies weie available foi SA (4) but not foi DHS, the coinersioiiw' 
earned be 3 '’ond DHS to SA, by using an extract of a mutant blocked after 
SA and providing TPNH, w'hich is lequired foi the additional reaction (11) 
As shown under “Experimental,” the 3 ae]d was excellent and all tlicDlb 
wms reduced to SA 

After collection foi dilution Avitli cairier SA, the activity of the product 
w as found equal to that of the SDP The SA w as degi aded and the result' 
are presented in Table III It can be seen that carbon atoms 7, 1, ami d 
weie inactive, while caibon atoms 3, 4, 5, and 6 weie each asactneasatom 
4, 5, 6, or 7 of the labeled vSDP ^ It can be concluded, theiefoic, that the 
“bottom” 4 carbon atoms of SDP are mcoipoiated, presumably as a iimt, 
into C-3,4,5,6 of SA, w^hile the “top” 3 atoms give use to C- 7 ,l, 2 of SV 

DISCUSSION 

With the bacterial extracts used m this investigation SDP, tlioiidi 
theoretically subject to a multiphcit 3 '’ of reactions, is largelj’ comcrtci to 
DHS (oi SA) Fuitheimoie, in this conversion, caibon atoms 1 
SDP give rise to caibon atoms 7,1,2 of SA, while carbon atoms 1 to / a 
SDP give rise to carbon atoms 3 to 6 of SA ^ . 

These lesults could be explained by c 3 ''chzation of the intact r-car) 

’ It IS clear (c/ “Discussion”) that these results would be cvpcctcd 
This sample of SA can theiefore provide a direct test of the dcgridation ^ ^ 

It maj be observed from the results in Table HI that the activities o ^ ^ 

fragments, determined in different waj's (4), are in excellent 
other and with the expected values (c/ (4), footnote 2) Eicn t ic pmu' 

nation of C-4,5,G, which had given trouble earlier (cj (4), footno c o , 
reliable 
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chain of SDP duiing its conveision to SA However, this hypothesis is 
eliminated by the lesults of other studies, as illustrated in Fig 1 Thus 
in the only known leaction foi foinnng SDP, le condensation of triose 
phosphate vith tetrose phosphate under the influence of aldolase (3), 
carbon atoms 1, 2, and 3 of SDP would be derived from atoms (1,6), 
(2,5), and (3 , 4) of glucose, lespectively Cychzation of the intact chain of 
SDP would then 5neld SA viththis sequence in positions C-7, C-1, and C-2, 
respectivelj’- However, the leverse sequence of glucose atoms was actually 
found m these positions m SA foimed from specifically labeled glucose by 
intact cells (4) It theiefoie appeals that m the present experiments frag- 
ment 1,2,3 of SDP was detached and “inverted” prior to incorporation 
into SA 

Tins mterpietation has been suppoited by the results of further work 
P— 0— C G-1,6 

I 

0=C G-2,5 

\ 

P— 0— C C G-3,5 

I I 

c c 

\ / 

c 

SDP 

Fig 1 Incorporation of carbon atoms of glucose (G-1, G-2, ) into SDP (2, 3) 

and SA (4) 

With these bactenal extiacts, which showed that the formation of SA 
from SDP involves cleavage to D-erythrose-4-phosphate plus tnose phos- 
phate and conversion of the triose phosphate to phosphoenolpyruvate (15) 
Since the latter reaction sequence is known to involve DPN, an explanation 
ivas provided for the observation (Table II) that DPN is required for the 
conversion of SDP to SA Furthermore, since triose phosphate and tetrose 
phosphate can be derived from glucose by pathways not involving SDP, 
the latter compound, despite its excellent utilization, does not appear to be 
an obligatory intermediate in aromatic biosynthesis 

Materials and Methods 

We are grateful to Dr B L Horecker for barium sedoheptulose-7- 
phosphate and barium sedoheptulose-l,7-diphosphate, to Dr N K 
Richtmyer for sedoheptulosan monohydrate, and to Di S Ochoa foi 
the dimethyl ester of the lactone of d-isocitric acid (obtained from Dr H 
B Vickery) 

Magnesium fructose-1 , 6-diphosphate and umformly C*^-labeled nbose 


HOOC G-3,4 



HO OH 

OH 

SA 
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SEDOHEPTULOSE-l , T-DIPHOSPHATE 


^^e^e purchased from the Schwarz Laboratoiies, Inc TPK iikI ])1'\ 
weie obtained fiom the Pabst Laboratories 
The methods used for determimng protein concentration and nvln 
actmtj' uere desciibed m the preceding papei (1) 

It IS a pleasure to acknowledge oui manj' stimulating disciiisions nu) 
Di B L Hoieckei and the geneious hospitality he accoided for the can 
matic synthesis of labeled sedoheptulose-l,7-diphosphate 

SUMMARY 

Sedoheptulose-1 , 7-diphosphate (SDP) was shown to be coin ertcd nlnm t 
quantitatively to shikimic acid (SA) by extracts of a mutant of hschcnchj 
coh blocked after SA Diphosphopyridme nucleotide is lequired m lin^ 
process Fuithermore, when the conveision nas carried out with SJ)J’ 
labeled equally in C-4,5,6,7 nith C*'’, the label was incoiporatcd fv 
clusively and without dilution into C-3,4,5,6 of the iing of SV Thro 
findings are discussed in relation to the lesults of studies on the biosuithr 
of SA fiom labeled glucose 
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ACTIVITY OF RESPIRATOEY ENZYIMES AND ADENOSINE- 
TRIPHOSPHATASE IN FRAGMENTS 
OF MITOCHONDRIA* 

Br JAMES L GAIMBLE, Jr ,t and ALBERT L LEHNINGER 

(From the Deparlvicnl of Physiological Chenashy, The Johns Hopkins University 
School of Medicine, Baltimore, Maryland) 

(Received for publication. May 21, 1956) 

It js noi\ ^^ell established that the electron earners which constitute 
the lespnatoij’’ chain betueen pyiidine nucleotide and cytochrome oxidase 
aie laigely localized in the mitochondria Although organized activity of 
the citric acid cj'^cle and the fatty acid oxidation cycle is lost when mito- 
chondiia are disrupted by certain chemical or mechamcal procedures, the 
particulate fragments so formed still retain the capacity to carry out 
enzjmiatic leactions involved m terminal electron transport For in- 
stance, the uidelj’’ studied respiratoiy granules of Keihn and Hartree (1, 2) 
which contain the cytochiome system and can oxidize succinate or DPNH^t 
have been showm by Cleland and Slater (3) to be fragments of heart mus- 
cle mitochondria hlore recently, particulate preparations which show 
considerable activity in terminal electron tiansport have been obtained by 
fragmentation of mitochondria isolated by the sucrose method Fiag- 
mentation has been carried out by chemical procedures (4, 5) and also by 
essentially mechamcal methods such as some vibration or application of 
shearing forces (6, 7) The resulting particulate preparations have been 
suggested to arise from the membranes or cristae of the mitochondria 
(8, 9) In the cases mentioned these terminal oxidase preparations show 
no ahihty to couple phosphorylation to respiration (3, 10) , it is presumed 
that the labile ancillary enzymes and cofactors lequired foi oxidative phos- 
phorylation have been lost in the fragmentation and isolation process 
In work recently leported from this laboratory (11), fragments of rela- 
tively low particle weight have been prepared from rat liver imtochondria 
by the use of digitonm as a dispersing agent These preparations contain 
the respiratory carriers lequired for oxidation of ^-hydroxybutyrate or 

* Supported m part by grants from the United States Public Health Service, the 
National Science Foundation, and the Nutrition Foundation, Inc 
t Postdoctoral Fellow, United States Public Health Service 
' Abbreviations BOH, /3-hydro\ybutyrate, ATP and ADP for adenosine tri- and 
diphosphates, respectively, CTP, GDP, GTP, GUP, ITP, IDP, UTP, and UDP, for 
the corresponding tri- and diphosphates of cj’^tidine, guanosine, inosine, and undine, 
^PN+ and DPNH for oxidized and reduced diphosphopyridine nucleotide, respec- 
tively, DNP, 2,4-dimtrophenol, Pi, inorganic phosphate, CoA, coenzjme A 
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FRAGMENTS OP MITOCHONDRIA 


succinate bj'- molecular o\ygen via the cytochrome bjslcm lloiieur 
they differ stnkingly fiom the preparations descnbed aboic in tbnt Ihr, 
also catalyze coupled phosphorylations inth high efficiency The naUni 
of the differences in enzymatic constitution between pliosphorilating nul 
non-phosphorylatmg fragments of mitochondiia therefore is a inaltcr o 
importance m efforts to icconstiuct oxidative phosphorylation in sihunii 
of mitochondiia 

This leport deals nith the terminal lespiratoiy activity of particulate 
fragments of imtochondna obtained by a mild mechamcal procedure '■im! 
also presents a companson of vaiious enzymatic propeitics of such non 
phosphorylatmg mitochondrial fragments nith those of the phosphonht 
ing digitomn-dispeised fragments It n as found that fiagmentatioii of nt 
liver mitochondria yields particles with a relatively constant content o 
certain respiiatoiy enzyme systems regardless of the method of fragmen 
tation employed, whether chemical oi mechamcal This charactcn'-tic re 
spiratory enzyme distribution was also essentially independent of pirtir’^ 
size The most striking and significant diffeiences found betuecii plio 
phorylatmg and non-phosphorylatmg mitochondrial fragments invoke tV 
ATPase activity and the content of bound DPN 


EXPERIMENTAL 


Preparation of Mitochondria — ^Mitochondiia veie separated fiom02oM 
sucrose homogenates (12) of rat livei (males of Wistai stiam, average 
weight 200 gm ) They weie u ashed three times iMth 0 25 m sucrose, th'* 
fluffy layer was lemor ed each time by careful decantation 

Mechanical Fragmentation of Mitochondria — ^This was accomplished b\ 
subjecting them to lapid vibration m a partial vacuum in the presence of 
small glass beads ^ After the thud washing the mitochondnal pellet, about 
1 0 to 2 0 ml in volume, was pipetted dnectly into the Iov.er chamber o a 
dravn out test tube (15 mm , inside diameter) The chamber vas fi c 
u ith 2 gm of Ballottini glass beads (0 6 nim m diameter) nhicli bad cen 
added to the diy tube previously The tube vas placed in an icc ^ ^ 
and evacuated vith a pump until active boiling of the mitochondna 
pension occurred The lower chamber (total volume = 4 ml) 
sealed off vnth a flame, and v as fixed on the reed of a Mickle ti^o < i 
integrator (C A Bnnkmann and Company) in a cold room i 
was carried out with a 10 mm excursion at 50 cycles per sccon 
nunutes The temperature nse was no moie than 5° The ma cr ^ 
then subjected to centrifugal fractionation as indicated m Tables 
Chemical Fragmentation of Mitochondria — ^Two methods were 
In the first, the v ashed mitochondnal pellet derived from 10 gm ” 

* The use of the partial vacuum was suggested by M E Pullman and E 
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livei was suspended in 1 0 nil of cold 1 per cent digitonm solution (Fisher, 
leciystallized) foi 20 minutes (see Coopei and Leliningei (11)) The sedi- 
mented fiactions collected weie washed w'lth cold H 2 O to lemove excess 
digitonin piioi to enzymatic assay 

A second method of clienucal fiagmentation employed 1 pei cent sodium 
cholate as dispeismg agent It w'as used in exactly the same manner as 
desciibed above foi the case of digitonin The sedimented fractions w'ere 
washed with H 2 O to lemove excess cholate prioi to assay 
Enzyme Assays — The multienzyme systems responsible foi oxidation of 
succinate, D-/3-hydio\ybutyiate, and ascoibate by molecular oxygen aie 
designated smcinoxidase, ^-hydi oxyhutync oxidase, and cytochrome oxidase, 
respectivelj’’ The succinoxidase system piesumably includes succimc de- 
hydrogenase and cytochiomes h, c, a, and as, and w'as assayed manometri- 
cally m a buffered system coutaimng succinate The jS-hydroxybutyric 
oxidase piesumably includes /3-hydroxybut3’^ric dehydrogenase, DPN, cyto- 
chrome c leductase, cytochiomes c, a, as, and, in phosphorylatmg systems, 
probably cytochiome h as w'ell as other factors It wms assayed in the 
presence of added substrate, DPN, and buffer Cytochrome oxidase w^as 
measuied with ascorbic acid as reductant of cytochiome c The details 
of the assays aie given in Tables I to VII, the reported activities bemg 
based on the maximal initial rates observed 
The rate of reduction of ferncytochrome c by various substrates w^as 
measured spectrophotometncally at 550 my Imtial rates are recorded 
ATPase activity wms assayed by measuring liberation of P, from ATP 
in the presence 01 absence of added Mg++ 01 2,4-dimtrophenol, as showm 
When fresh mitochondria w ere assayed for ATPase, they w ere first premcu- 
bated at 37° for 10 nnnutes to evoke the latent ATPase (13-15) 

It is emphasized that the measurements of activity of both the respira- 
tory enzyme systems and probably also the ATPase activity aie essentially 
those of rate-linuting steps m complex multienz 3 ’’me sequences 

Results 

Oxidative and A TPase Activities after Mechanical Fragmentation— TypieaX 
data in Table I show the effect of mechamcal fragmentation on four mito- 
chondrial enzyme systems It is seen that approximately 50 to 75 per 
cent of the “oxidase” activities of intact mitochondria could be recovered 
after the disruption, z e as Fraction II (see Table I) Most of this surviv- 
mg activity in turn wms in a form not sedimentable at 25,000 X g but 
sedimented at 100,000 X g, ic Fraction IV The 25,000 to 100,000 X g 
fraction thus accounts for about 50 per cent of the oiiginal oxidase activ- 
rtj and about one-third of the original total N of the nutochondria 
Assay of the ATPase activity indicated an mcrease after fragmentation. 
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suggesting that some additional latent actnitj^ appealed upon fr.ienH .• 
tion, possibly by increasing accessibility of the substrate to (lie run if 
As in the case of the lespiratoiy sj'-stems, most of the OTa'c iia*. }„( i 
m the fraction sedimented at 25,000 to 100,000 X </ It iiia\ lie note i 
that the ATPasc activity of tins fiaction is higli and, on a iiiohr i 
substantially greatei than the absolute activity of the succino\i{l'i>D - 
BOH-o\idase systems, such high activity is compatible vith but dw^n,' 

Table I 

Y'lelds of Enzymatic Acltvihes after Mechanical Fragmentation of l/ifoctonJna 

0\jgen uptakes vere measured manometneally vith a sjstem coat lining 
strates at a concentration of 0 01 m in phosphate buffer 0 02 m, pH 7 4, in n to!'! 
volume of 1 ml at 25° The vessels containing BOH and ascorbitc were 'upp'' 
men ted vnth DPN (0 003 m) and cytochrome c (0 00005 m), rcspcctnch Tlic ‘p 
cific activity is e\presscd as microatoms of o\ygcn uptake per hour per mg of risw 
gen ATPase vas assayed by measuring P, liberation bj a system with ATI’s' n 
concentration of 0 01 m and AlgClj at 0 002 m in histidine buffer (0 03 m, pH 7 1', 
in a total volume of 0 2 ml at 25° The specific activity is evpressed a* r 
moles of P, liberation per hour per mg of nitrogen 
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Cj toebrome 
oxidase 

ATfj’ 

G 

O 

u 

s 

u 

1 

Per 
cent 
[ total 

Per 

cent 

total 

Specific 

actmtj 

Per 

cent 

total 

j 

Specific i 
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45 

12 6 

77 

26 4 

57 

132 
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III 

0-25,000 X g 

14 







92 

1 231 

w 

25,000-100,000 X g 

32 

55 

48 0 

56 

56 0 

47 

340 

V 

100,000 X <7 super- 

54 1 




1 






natant 

1 



1 

1 

! 

i 


i 1 



* Mitochondria aged prior to assay by incubating at 37° for 10 minutC' in 0 - ' > 


sucrose 

prove that the ATPase activity may be a reflection of the actnitj of apw 
tion of the enzymatic mechanism which couples phosphorylation to o\i' 
tioii (15-17) The lequirement of the ATPase is considerec )c o 

Relative Aclwiiies As Function of Particle Size — Upon mcchanira 
mentation of mitochondria, four fiactions vere collected bj ‘ ‘ 
centrifugation. Fraction I (10,000 to 25,000 X g), Fiaction II ( 

50,000 X g), Fiaction III (50,000 to 100,000 X ff), and Fiacfion , 
supeinatant fluid obtained after centrifugation at 100,000 X 0 
tium of particles vas thus obtained which piesumably differci 
It IS seen (Table II) that the three particulate fractions show appro' 
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the same specific activities, pci mg of total N, of succiiioxidase, BOH-oxi- 
dase, cytocliiomc oxidase, and J\Ig++-stimulated ATPase These findings 
demoiistiate that fiagnieiitation of the mitocliondiial stmcture yields a 
spectiimi of pai tides, all ot which have i datively constant enzymatic con- 
stitution Mitli lespcct to the lespiiatoiy and ATPase activities studied 
Thej*^ also indicate that no “fiactionation” of activities occurs duiing this 
foim of mechanical disintegiation and suggest that all paits of the inito- 
chondiial stiuctme which contiibute to the paiticulate fractions, piesuma- 
bly membianes and ciistae (8, 9), contain similai lespiratoiy units made 
up of the election caiiiei chain and the ATPase activity, which possibly 

Table II 

Enzymahc Activities in Centrifugal Fractions of Fragmented Mitochondi la 
The mensurements were made m histidine buffer (0 01 m) at pH 6 5, otherwuse, 
the experiment'll conditions and units of specific activitj' are those described in 
Table I 


Cen- 

tnfugal 

Fraction 

No 

1 

1 

N 

1 recovery 

Sueem 

oxidase 

^/3-Hydroxy 

butync 

acid 

oxidase 

Cyto- 

chrome 

oxidase 

ATPase 

Per cent 
o{ total 

Specific activity 

I 

10,000-25,000 X g 

10 7 

20 0 

31 2 

WM 

WM 

II 

25,000-50,000 X g 

17 4 

24 0 

53 0 


19 

III 

50,000-100,000 X g 

6 4 

27 2 

63 6 


19 

TV 

Supernatant fraction after 

62 1 

2 0 

3 8 


mm 


100,000 X g 





H 


represents pait of the enzymatic equipment foi couphng phosphoiylation to 
the oxidation 

The presence of the oxidase systems and ATPase activity in the supei- 
natant fluid which remams after centrifugation at 100,000 X ^ m the same 
characteristic latios as in the particulate fractions suggests that very small 
particles, representing the smallei end of the spectrum of particle size, are 
present m this fraction and are quite smnlar m enzymatic constitution to 
the larger particles This fraction also contains considerable soluble pro- 
tein None of the particulate fractions obtained by the mechamcal frag- 
mentation described was found capable of couphng phosphorylation of 
ADP to oxidation or of catalyzing the ATP-phosphate exchange leaction 
the tests were made by a very sensitive isotopic method (19) 
Companson of Enzymahc Actmties after Mechanical and Chemical Frag- 
‘‘nentahon— Since nntochondrial structure may be disrapted by chemical 
agents, such as digitonin or sodium cholate, to produce respiratory particles 
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nbich can be sedimented m lugh centiifngal fields, it became of m(cu t tu 
examine the oxidase and ATPase activities of sucli prcpan(ion« 11, 
choice of these chemical agents was made because one of Ihetu, 

3aelds imtochondiial fiagments capable of oxidative phosplioniilin! 
wheieas sodium cholate jaelds respiiatoi}" pai tides without ’'igmfuv.t 
phosphoiidating activit3X 

The data in Table III demonstiate strikingly that the three quite dif 
ferent fiagmentation methods used all produce lespiiatoiv particles wlmh 
sediment at 25,000 to 75,000 X ff and have essentiall3' similar oxidase and 
ATPase actixaties pel mg of total N The constanc3’- of the specitn m 
tmties, and hence the constancy of the actnities lelatixc to each otlior 
despite the use of thiee wndely diffeieiit fiagmentation proeeclurcs, prmidi 

Tabi-e III 

Companson of Oxidase and ATPase Activities of Particles 
Obtained by Mechanical and Chemical Fragmentation 
The assay conditions were those described in Table I Specific acfuititi n.v 
based on nitrogen content, see Table I 


Ti pc of particle 

Succmoridase 

(S-Hj drotj j 
butyric acid 
oxidase 

C) locliroitie 
oiidasc 

AThf 

Specific aclnit) 

Mechanical 

1 

32 

51 

164 

ISO 

Digitonin* 

30 

32 

146 

133 

Cholate 

35 

41 

123 

1(3 


* Data recalculated from Cooper and Lehningcr (11,21) 


still mole evidence for the existence of cliaractenstic and lelatneh dtirahi- 
lespiratoiy enzyme units w^hich aie not ieadil3" dissociated, at least l)\ t ic 
proceduies used 

Dehydrogenase Content of Mtiocliondnal Fragments ^All paiticiilate rn. 
ments obtained from rat hvei mitochondria by the methods describe! 
been found to contain both i>-|8-hydi ox3’-but3'Tic deh3'-clrogcnn‘-c ( 
linked) and succinic deh3''drogenase Although succinic del)3'drogcii.i e i 
been obtained in soluble form from animal tissue nntochondna 
soluble preparation of i>-j8-hydioxybut3Uic deh3"drogeiiase has nc\cr ) ^ 
described Woik in this laboiatory has indicated that it is more V 
bound to the respirator3'' particles than succinic deh3'drogeiiase ^ 

Exannnation of these paiticulate fragments foi other 
has revealed that pieparations made b3'' the mechanical, ( igi o'”’ > 

’ Sudduth, H C , unpublished observations 
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cholale methods also contain some L-malic dehydiogenase (DPN-Iinked), 
choline dehydiogenase, and glutanuc dehydrogenase Only in the case of 
malic dehydiogenase do the measuiements suggest that it may, like suc- 
ciiioxidase and /3-h3^dio\j'^butyiic dehydiogenase, be a constant component 
eiiz 3 '-me of the lespiiatoiy pai tides desciibed However, as wall be pointed 
out, the mahc deh 3 ^diogenase, although DPN-linked, does not appeal to 
leact with the lespiiatoiy chain in the same mannei as the D-j 8 -hydrox 3 ’^- 
but 3 Tic dehydiogenase The content of choline and glutamic dehydro- 
genases is low and variable The particles contain little or no fumarase. 

Table IV 

Presence of Functional Bound DPN 

Reduction of cjtochrome c was measured spectrophotometrically at 550 ran at 
24° in the following test sjstem, 0 003 m BOH, 0 01 m phosphate, pH 7 4, 5 X lO^' m 
ferricytochronie c, 0 003 ii KCN, and enzj’-me preparation in a total volume of 3 0 
ml Antimj cm A v as added at a level of 1 0 -y per ml The specific activity is ex- 
pressed as micromoles X 2 cj'tochrome c reduced per hour per mg of N 


T>pe of preparation 

DPN added 

Specific activity 

Without antunyciD 

With antuaycin 


nr 



Mechanical 

None 

0 4 

<0 2 

Digitomn 

t( 

11 4 

<0 2 

Cholate 

(( 

<0 2 

<0 2 

Mechanical 

0 0002 

78 

74 

Digitomn 

0 0002 

19 5 

11 7 

Cholate 

0 0002 

50 

43 


and a-ketoglutarate is not oxidized at a sigmficant rate w'hen tested wath 
supplements of CoA and GDP 

“Bound” DPN — In searching foi diffeiences betw^een the pioperties of 
mitochondrial particles piepared with digitomn and those prepaied b 3 '^ 
mechamcal disintegration, in older to account foi the fact that the foimer 
couple phosphoiylation to oxidation w'hereas the lattei do not, it w as found 
that the digitomn particles contain bound DPN functional with bound 
D-/3-hydro\ybutyric dehydrogenase, w^hereas the particles piepared mechan- 
ically or by means of cholate do not Typical data summarized in Table 
IV demonstrate that reduction of cytochrome c by n-^-hydroxybutyrate in 
the digitomn preparation occurs in the absence of added DPN, in con- 
firmation of earlier w^ork m this laboratory (20) However, only a trace 
of reduction could be observed in the absence of added DPN under similar 
conditions wuth the “mechamcal” and “cholate” preparations The reduc- 
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tion of cj'tochrome c bj’’ D-jS-hj^dioxybutyrate -uhich occurs Ma bound n?\ 
\\ as complete^’’ inhibited bj’- antimyciii A 
^Yhen fiee DPN aa as iioaa' added to this reaction medium, then the iliohtc 
and mecliamcal prepaiations shoAA^ed Ingh actnuty m leduction of nto- 
chrome c b 3 ’’ BOH, Iioaa ever, tins aa as not inhibited by antiniA cm A \ddi 
tion of DPN to the digitomn particle sj-^stem caused only a limited increi 
in the rate of i eduction of cj'-tochiome c, but tins inciemeiit i\as not la 
hibited bA^ antimycm A It has been demonstrated by De\lm and I elm 
inger (20) that onlj'- the antimycm-sensitiAm i eduction of C} toclirome c mi 
the bound DPN piesent in the digitonin particle is accompanied In coupled 
phosphorylation of ADP In similar expenments the particles obhme.J 
by the mechanical procedure oi by the use of cholate A\erc found to I/' 

Table V 

Availability of Bound DPN to Bound Dehydrogenases 


Test system as in Table IV The enzj'me nas digitonin preparation 


Substrate 

DPN added 

Reductk t' 
c>loehrr-[t 



Specific itti » 


if 


D -|3-H3 drox j butyrate 

L-Malate 

None 

(( 

11 ! 

<0 2 

D-/3-H3 dro\3'butyrate 

L-Malate 


ID 0 

52 


completely incapable of coupling phosphorylation to leduction of c\to 
chiome c by D-/3-hydroxybutyrate in the presence of added DPN 
The bound DPN in the digitonin particle, although functional "it > 
D-/3-h5’-dro\ybut3'^ric dehydiogenase, is not functional AAith the L-mniic <c 
hydrogenase present in these particles (Table addition of free 
causes a high rate of antim 3 '’cin-insensitiA’'e reduction of c3'tochroinc <■ 
A\hich m other experiments has been found to be unaccompanied 
phorylation From these findings it appears probable that not ' 
presence of bound DPN in the mitochondrial fiagnient but also its a 1 
to react nith the bound deh 3 '^drogenase m the fragment maA be 
requisite for the occurrence of coupled phosphorylation at the p}n(i 
nucleotide level of the respiratoi 3 '’ chain , 

N^wleoside Tri- and Diphosphatase Activity — Particulate 
from mechanically fragmented mitochondria have considera o 
actmt 3 ’' m the presence of added Mg++, as already shown (0 
summarized m Table confirm this finding and demonstrate 
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absence of added theie is only feeble activity, winch is not stimu- 

lated significantly b}'^ DNP Likewise, tlieie is little activity against other 
nucleoside 5^-tiiphosphates in the absence of Mg"*^ Howevei, when Mg"*^ 
IS present, theie is a high late of hydiol5'sis of ATP which is doubled by 
addition of DNP In addition, ITP and GTP aie rapidly hydrolyzed, 
whereas CTP and UTP aie hj^diolyzed lelatively slowly 


Table VI 

Nnclcosidc 5' -Triphosphatase of Mitochondrial Fragments 
The conditions of the assa}' are described in Table I The mechanical fragments 
were those sedimenting between 25,000 and 100,000 X <7 The data on the fragments 
obtained bj"^ treatment of mitochondiia wnth digitonin are recalculated, on the same 
activity basis, fiom the data of Cooper and Lehnmger ((21) Table I) 


1 

Substrate 

MgCl added 

Specific activity, /xmoles of Pi per hr 
per mg N 



Mechanical 

Digitomn 

ATP 

3f 

None 

4 8 

18 6 

“ + DNP 

(( 

6 1 

79 0 

CTP 

(( 

3 2 

1 2 

GTP 

(( 

2 8 

3 6 

ITP 

(( 

4 6 

2 4 

UTP 

(( 

2 6 

1 8 

ATP 

0 002 

111 0 

133 0 

" + DNP 

0 002 

228 0 

132 0 

CTP 

0 002 

9 3 

6 0 

GTP 

0 002 

52 0 

45 0 

ITP 

0 002 

101 0 

80 4 

UTP 

0 002 

16 2 

15 6 


Smce the ATPase activity of nutochondria has been associated ivith the 
mechamsm of the couphng of phosphoiylation to ovidation (15-17), a de- 
tailed comparison tvas made of the nucleoside 5 ^-triphosphatase of the non- 
phosphorylatmg fragments piepared mechamcally with the phosphorylat- 
ing fragments prepared wnth digitomn Table VI also contains data for 
the digitomn particles (21), recalculated to the same activity basis From 
this comparison it is seen that the specific rate of hydrolj''Sis of CTP, GTP, 
ITP, and UTP m the presence or absence of added Mg+^ is almost identical 
in the two types of rmtochondnal fragments On the other hand, the hy- 
drolysis of ATP differs strikingly in the twm preparations In the absence 
of added Mg++ the mechanical preparation has little ATPase activity 
which IS not stimulated sigmficantly by DNP How'ever, the digitomn 
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particles have much higher ATPase actuuty in the absence of j\Ig-^ wh- ‘ 
in contrast, is gieatly stimulated by DNP 
Another point of difference is revealed nhen 0 002 m ]Mg+-^ is pr^ 
Under these circumstances both the mechamcal and digitonin prcpiratio-, 
hydrolyze ATP at about the same rate Hoi\ever, vhen DNP ^ rKi 
added, the mechamcal preparation shows a large stimulation, vlicrcis tl 
digitonin preparation shows none In these assays ample ATP was jirc 
ent, a limited suppl}'’ of substrate in the test system vas not the caii'c o 
the failure to obsen'-e stimulation by DNP 
Various nucleoside 5 '-diphosphates were tested m a similar manner 
(Table ^TI), but showed low rates of hydrolysis even m the presence oi 
The nucleoside 5 '-diphosphatase of nntochondria studied b\ Phn! 

Table VII 

Nucleoside 6' -Diphosphatase Activity 


Assajs as in Table I, all Bere carried out in the presence of 0 002 m MgCl Tr 
supernatant fraction (see the te\t) was dialj zed 20 hours against 0 005 v In b 
dro\vmeth 5 d)aininomethane buffer, pH 7 5, at 0° prior to assaj 



Specific activity, (jmolcs Pi per hr permp N 


Mechanical particles 

Supernatant fractiaa 

ADP 

0 90 

2 0 

GDP ! 

0 24 

2 0 

GDP 

0 70 

21 7 

IDP 

0 06 

10 7 

UDP 

0 14 

15 5 


(22) and Giegoiy (23) vas found not to be present m the particulate 
fractions Hovever, the dialyzed supernatant fluid vhich rcniaine<l after 
sedimentation of mechanically fragmented mitochondria at 100,000 X 
A\as found to contain what appeared to be this diphosphatase activit\ 
Table VII), since, in agreement vith the findings of Plant, GDP, IDP, an' 
UDP veie leadilj'’ h 3 '^diolyzed, vhereas ADP vas not 


DISCUSSION 

The lesults of this study of the distribution of certain enrjnic 
among particulate fragments of mitochondria disintegrated by a \nnc \ < 
proceduies suggest that the individual enzjmies vlnch make up the rc pin 
torj’- chain are present in the original insoluble structures of the nu 
dria, presumably the membranes and enstae (8, 9), in a rather imk 
definite piopoition Furtheimore, they suggest that all 
membianes and enstae vhich contnbiite to the insoluble particua 
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tions contain about the same amount of respiratory activity per mg of 
nitiogen It is theiefoic quite possible that highly orgamzed multienzyme 
lespiiatoi^'^ units aie moie oi less umfoimly distributed m all parts of the 
niemhianes and ciistae, since the smallest particulate fragments show the 
same chaiacteiistic enzyme pattern and activity per mg of N as the largest 
fragments It is m fact conceivable that the membranes and cristae are 
composed of relatively durable respiratory complexes or umts, imbedded 
in a regular manner in a stiuctuial fabric m which the individual respira- 
tory units are separated from each other by relatively fragile points of 
attachment which ai e easily broken by low frequency vibrations or by such 
agents as cholate oi digitonm 

Although the enz 3 miatic composition of the fragments was found to be 
independent of the mode of fragmentation and, m the case of mechamcally 
fragmented mitochondria, independent of paiticle size, evidently more 
drastic methods of treatment are capable of lemoiung one or another en- 
zyme from the unit In tins way succinic dehydrogenase has recently been 
obtained as a soluble protein m apparently pure form by Kearney and 
Singer (24) On the other hand, other enzymes such as cytochromes c, 
as, and D-/3-hj'-dio\ybutyric dehydrogenase are not so easily removed fiom 
the rmtochondiial membrane 

The differences observed m the content of bound and functional DPN 
between the phosphorylatmg digitonm fragments and the non-phospho- 
rylating mechanical fragments are considered highly sigmficant Earlier 
work has shovm that the phosphorylatmg digitomn preparations can read- 
ily oxidize added DPNH but no phosphorylation was found to be coupled 
to this oxidation, at least m the span between DPN and cytochrome c (20) 
It appears possible from these findings that the apparent reqmrement for 
bound DPN m coupling phosphorylation at the pyridine level of the respir- 
atory chain may be a reflection of the in situ generation of a chemical 
species or a derivative of DPNH which is foimed umquely only when the 
DPN+ IS enzymatically i educed in the bound form, accoidmg to a general 
reaction mechamsm postulated by one of us earlier (25) Enzymatic re- 
duction of free DPN+ would yield free DPNH, which itself is not accessible 
to the phosphorylatmg pathway (20) 

The ATPase activities of the two types of imtochondnal fragments are 
also sigmficantly different The non-phosphoiylatmg fragments show vir- 
tually no ATPase activity m the absence of added Mg++ even vith DNP, 
but m the presence of Mg”*^ they have high activity, which m turn is 
greatly stimulated by DNP On the othei hand, the phosphorylatmg 
digitonm fragments have significant ATPase in the absence of added Mg'^ 
which is greatly stimulated by DNP Addition of Mg++ evokes additional 
activity which cannot be stimulated further by DNP The digitomn frag- 



932 


PRAG3\IEKTS OF HUTOCHONDm 


ments catalj^ze the mcorpoiation of labeled orthophosphate into \lp i 
the absence of electron transport ( 26 ), the mechanical fragments are ccm- 
pletely devoid of this activity The meaning of these diffeiencos i.n* 
clear at present, however, it appeals probable that mitochondrial ATPv 
activity IS not due to the action of a single puiely hydroljtic cnrnncbit 
possibly to the action of a moie complex enz3'-me system conccrnod wnth 
oxidative phosphoiylation One step of this system may be sinreptih'' 
to inactivation, especially aftei mechamcal fragmentation of mitochondn'' 
ivhich causes a puiely hydiolytic activity to appeal ivliich normallj dc/- 
not participate m phosphate tiansfei It is also possible that two ^op 
aiate ATPase activities aie piesent, one of which may be iirelmnnt to 
coupling of phosphorylation The natuie of the enzymatic differcnri 
betw^een phosphoiylating and non-phosphoiylating fiagments is being lu 
vestigated fuithei 


SUMMA.RY 

When lat hvei nutochondiia aie fiagmented b^’’ mechanical Mbration, i 
spectium of pai tides diffeimg in late of sedimentation is foimed Vliout 
50 pel cent of the oiigmal succinoxidase, | 3 -hydioxj'butyiic oxidase, c\to- 
chiome oxidase, and ATPase activities aie lecoveicd in the particuhte 
fractions Ovei a wade lange of particle size, the absolute actnitv of c'ldi 
of these systems and, hence, the ratio of activities aie appioximatclj con 
stant Similarlj’’, chemical fiagmentation of lat livei mitochondrn In 
treatment w ith digitomn or sodium cholate solutions yields particle^ ol 
about the same sedimentation chaiacteiistics The absolute actnitics cf 
these enzyme systems and their latios m the chemically fiagmented niito 
chondiial pai tides aie almost identical with those of fragments produred 
mechanically These findings suggest that the mitochondiial iiiemlirano 
and ciistae may contain, possibly m a uniformly distributed manner, reli 
tively durable respiratory units of constant (enzymatic) composition 'cp 
aiated by relatively fi agile points of attachment 

The digitonm fiagments, w'hich couple phosphoiidation to oxidation, 
contain bound DPN, which is functional wath bound D-^-!iydroxibu(\ni 
dehydrogenase but not wath bound malic deh3diogenasc, and also Iiau 
DNP-stimulated ATPase activity in the absence of added IMg ' 
cholate oi mechanical fiagments, winch do not couple phosphoiylation 
oxidation, lack these properties These differences aie considerc 
significant m the enzymatic oiganization of phosphor 3daf mg icr'a/'i non 
phosphor 3dating fragments of mitochondiia 
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ACTION OF PROTEOLYTIC ENZYMES ON SOME PEPTIDES 
AND DERIVATnOSS CONTAINING HISTIDINE* 
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Despite the impoi tance of histidine as a constituent of proteins, there is, 
as yet, little information conceining the susceptibility of peptides oi pep- 
tide deiivatives containing this ammo acid to the action of proteolytic 
enzymes, laigely because only a feiv such compounds have been available 
An earlier investigation fiom this laboratory described the partial purifi- 
cation and piopeities of cainosmase (1), an enzyme from swine kidne}’’ 
V hich hydi olyzes carnosme and certain other histidine-contammg peptides 
The present study describes the synthesis of a number of peptides and 
deiivatives of L-lustidme and their susceptibility to several proteolj'^tic en- 
zymes 

Bergmanu ct al (2) showed that L-lysyl-n-histidme was hydiolyzed 
rapidly by the “dipeptidase” of swine intestinal mucosa, but that it was 
not hydiolyzed by trypsin oi “ammopolypeptidase ” Trypsin also failed 
to hydrolyze benzoyl-n-histidmamide (3) Beigmann and Fruton (4) dem- 
onstrated that papain hydrolyzes benzoylglycyl-L-histidmamide between 
the glycine and histidine residues at about one-twelfth the rate of a-ben- 
zoyl-L-argmmamide Reports that certam peptides of histidine can serve 
as a source of this ammo acid for growth m rats (5) and m Lactobacillus 
delhruechii (6) also indicate the existence of enzyme capable of hj’-dro- 
lyzing such peptides 

Little IS known about the enzymatic hydrolysis of peptides containing 
the carboxyl group of histidine m peptide linkage, since a satisfactory 
method foi their synthesis became available only lecently Indirect 
evidence, however, has come from ammo acid sequence studies with proteo- 
lytic enzymes Locker (7) reported that carboxypeptidase releases histi- 
dine from actin Hill and Smith (8) have shown that highly purified 
leucine ammopeptidase releases histidine from the oxidized B chain of 
insulin, m agreement with earlier results of Smith and Spackman (9) which 
indicated that the ammopeptidase hydrolyzes histidinamide and other 

compounds 

* This investigation was aided by research grants from the National Institutes of 
Health, Public Health Service 
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In order to pro^ade a larger variety of lustidme substrates, a method 
was developed for incorporating the caibovyl group of histidine in peptide 
linkage, an achievement which had not been leported vhen tins stud} wo'; 
imtiated While this work was in progiess, Holley and Sondlicimer (10) 
published an almost identical procedure, and, shortly thereafter, Fischer 
and Whetstone (11) also reported a similar method 

Enzymatic Studies 

Methods — ^All the enzymatic experiments were performed at 39° in 2 5 
ml volumetnc flasks The test solutions contained 0 05 Jt substrate The 
extent of hydrol 3 ''sis was determined by the microtitration method of Grasi' 
mann and Heyde (12) The results are expressed as the proteolytic cocf 
ficient, Cl or Co, where Ci = ki/E and Co = ho/E, or as the rate relatne 
to that of a knovm typical substrate as 100 E is the enzyme concentra 
tion in mg of protein N per ml and was determined by the procedure of 
Bucher (13) kit ~ log (100/100 — x), where x is the percentage In 
drolyzed at time t and correspondingly hot — x 

Leucine Aminopeptidase — Highly purified enzyme was prepared b} the 
method of Spackman, Smith, and Brovm (14) Hydrolysis was measured 
at pH 8 8 or 9 0 in the presence of 0 04 m Tris (tris(hydroxymethyl)anuno 
methane) buffei ivith both the Mn++- and Mg++-activated preparations 
under the conditions previously described (9) The results shoira in 
Table I indicate that this enzyme readily hydrolyzes L-histidinamide ami 
peptides contammg the carboxyl group of histidine in peptide linkage 
The failure to hydrolyze carnosine (yS-alanyl-L-histidme) is due undoubtedh 
to the presence of the ;0-armno group, since glycyl-n-histidine is slowl} 
hydrolyzed by leucine aminopeptidase 

Carboxy peptidase — sample of beef pancreatic carboxypeptidase, four 
times lecrystalhzed (15), was used For the less soluble substrates, assavs 
were performed m 35 per cent methanol (16) The results arc shown m 
Table II Foi the action of carboxypeptidase on carbobenzoxydipepti *^1 
it is knovTi that the nature of the residue bearing the free carboxy 
has a profound influence on the sensitivity of the substrate, whereas i ana^ 
tions in the adjacent amino acid have a much smaller effect (1/) ‘ 

most sensitive substrates possess an aromatic side chain on the car o\^ ^ 
terminal residue It is, perhaps, somewhat surprising that at p 
carbobenzoxyglj'-cyl-L-histidine is such a poor substrate, inasmuc i^as^ 
imidazole ring is relatively uncharged and might be expected to 
aromatic character Apparently this is not the case, since tns 

IS hydrolyzed at about 0 005 times the rate of lo 

phenylalanine This finding may have some importance viti re 
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Tabld I 

Hydrolysis of L-IIisiidinc Dcitvahvcs by Leucine Aminopeptidase* 

Highl}^ pin ified Icucinc aminopeptidase was used at the concentrations indicated 
Enzjmie activation n as acliicved with 0 001 m Mn++ or 0 004 m Mg++ by incubation 
for 15 minutes at 40° Assaj’^s Mere performed at 39° nith 0 05 m substrate and 0 04 
M Tns buffer at pH 8 8 when ]\In++ was the activator and at pH 9 0 with Mg++ 



1 activation 

Mg'*^ activation 

Substrate 

Enz>mc 

concen 

tration 

Co 

Relative 

rate 

Enzyme 

concen 

tration 

Co 

Relative 

rate 


7 protein 

N per ml 



1 

7 protein 

N per ml 



h Leucinamide 

0 082 

14,000 

100 

■■■ 

HI 

100 

b-Histidinamide 


2,700 

19 


Hi 

10 

L-Histidylglycme 

0 137 

5,600 

40 

ran 

HI 

9 

^ Alanj 1-L-histidine 

1 64 


0 

■■ 

■H 


L Histidi Iglyci Igliminef 

0 274 

1 5,800 

41 




Glj cyl-L-histidine 

3 68 

420 

3 

■ 

■ 



* Some of these results have been given elsewhere (9) 

t Analj tical figures for this compound are not given in Table VI since these indi- 
cated that the compound urns not completely pure, however, since it was hydrolyzed 
by the enzj'me preparation, the values are given for comparison 

Table II 

Action of Carboxy peptidase on Substrates Containing Histidine 
Crystalline carboxj peptidase in 1 m NaCl was used at the concentrations indi- 
cated Assays Mere performed at 39° with 0 05 m substrate and 0 04 M Tns buffer, 
pH 7 5 For the less soluble substrates assays were made in 35 per cent methanol, 
other conditions being the same 


Substrate 

1 

Enzyme 

1 concentration 

Cl 

Relative rate 

Carbobenzoxyglycyl-L-phenylalanine 

frotein N 
per ml 

0 00157 

14 

100 

Carbobenzoxyglycyl-L-tyrosine 

0 00157 

6 4 

43 

Carbobenzoxyglycyl-L-histidme 

0 157 

0 07 

0 5 

<C 

0 079 

0 07 

0 5 

Carbobenzo\yglycyl-L-phenylalanine* 

0 0039 

4 1 

100 

Carbobenzoxy-L-histidyl'L-phenylalanine*t 

0 0039 

3 6 

88l 


0 0078 

4 1 

lOof 94 

Carbobenzo\y-L-histidyl-L-tyrosine*t i 

0 0039 

2 8 

1 68| 

“ I 

0 0078 

3 2 

78J 73 

Carbobenzovj’^-L-histidylglycine* 1 

0 157 

1 

0 01 

0 03 


* In 35 per cent methanol 
t Substrate not completely soluble 
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the use of caibovpeptidase foi the stepvase degradation of proteins aid 
peptides 

The rates of hydiolysis of substiates m vhich the carbowl group o; 
histidine is involved in peptide linkage aie in accord with pre\ious ob 
servations that the residue adjacent to the terminal ammo acid has IiIIId 
effect on the susceptibility to carbo\ypeptidase Both caibobenzow l 
histidjd-L-phenylalamne and caibobenzo\y-L-histidyl-L-tyrosiiie are ex 
cellent substiates and are hydiolyzed at essentially the same rate as 
caibobenzo\yglycyl-L-phenylalanme Caibobenzo\y-L-histidylgljcinc,as 
expected from studies mth other acylated dipeptides containing C-terminal 
glycine (17), is hydiolyzed veiy slowly 


Table III 

Action of Carnosinase on Peptides Containing Histidine 


Carnosmase was prepared according to the directions of Hanson and Smith (I) 
Both the unactivated and Mn++-activated (0 01 m Mn++) preparations were u ed st 
the levels indicated Assays were made at 39“ in 0 04 m Tris buffer at pH S 0 


Substrate 

1 No activation, 

1 £ = 0 S12 mg 
protemNperml 
Co 

-activated, 
jS « 0 38 mg 
protemNper ml 
Cs 

Co (no actint] c) 

Co (Mn”' actmiel 

Carnosine 

■■ 

2 5 

0 39 

Anserine 


1 2 


/S-Alanyl-L-histidylglycine"' 

1 03 

2 4 


L-Leucinamide 


4 4 


L-Histidylglycine 


2 5 



* Both peptide bonds of this compound are hydrolyzed The Co values are edeu 
lated from the initial rate of hydrolysis 


Carnosinase — Sivine kidney carnosinase was prepaied as described bj 
Hanson and Smith (1) Assays were made vnth both the unactn ated and 
the Mn++-activated pieparations at pH 8 0 in the presence of 0 04 m Tn' 
The results aie shown m Table III The tnpeptide, ^-alanjd-L-histidU 
glycine, is hydiolyzed by the carnosmase pieparation, hovever, from if 
extent of the hydrolysis, 160 per cent in 19 hours, and the hydrobsis o 
L-leucmamide and L-histidylglycme by the enz 3 Tne preparation, it is i f ' 
that there is a contaimnating enzyme, probably leucine annnopepfic s-fj 
Avhich is acting on the liberated dipeptide, L-histid 3 dglycine s loa 
in Table I, the anunopeptidase cannot hydrolyze a compoun '"d i 
ammo gioup ) This view is suppoited by the difference between t le ra 
of the Co of the activated and unactivated enzymes tow aid t ns sins 

and of cainosine and anserine ^ ,if 

The hydrolysis of anserine is noteworthy, since the close agrecn 
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the latios of the pioteolj^tic coefficients of the activated and unactivated 
piepaiations suggests that a single enzj'^me is lesponsible foi the hydrolysis 
of aiiseiine and cainosine This poses the question whether the anseri- 
nase of fiesh codling studied by Jones (18) will hydiolyze carnosme A 
coinpaiison of the piopeities of the two enzymes shows only slight differ- 
ences and manj'- similaiities 

Papain — Ciystalhne meicuiipapam ivas prepaied by the method of 
lumniel and Snnth (19) Assays weie performed in 0 02 m acetate buffer 
(pH 4 6 to 5 6) and m the piesence of 0 005 m cysteine and 0 001 M Versene 
(19) Table shows that the seveial derivatives of histidine which were 
tested aie rathei pool substiates foi papain when compared ivith benzoyl- 

Table IV 

Hydrolysis of h-Histidinc Derivatives by Papain 
Crystalline mercunpapam prepared bj’’ the directions of Kimmel and Smith (19) 
was used at concentrations of 0 006 to 0 63 mg of protein N per ml , according to the 
substrate * The enzyme was made up in a solution containing 0 005 m cysteine and 
0 001 M Versene to achieve full activation Assays were made at 39° with 0 05 m 
substrate and 0 04 m sodium acetate buffer at the pH indicated 


Substrate 

pH 

C, 

Relative rate 

a-Benzojd-L-argininamide 

5 0 

1 2 

100 

li-Histidinamide 

4 6 

0 01 

0 8 

Carbobenzo\j''-L-histidjl-L-leucinamide 

4 8 

0 013 

1 0 

Carbobenzo\y-L-histidinamide 

5 6 

0 11 

9 0 


* The preparation of the papain and the assays were performed by Dr J R 
Kimmel 


argmmamide, this is m accord ivith eaiher results of Bergmann and Fruton 

(4) 

Chymotrypsin — A commercial preparation (Armour and Company) of 
crystalhne bovine chymotrypsin (Lot 90492) was used for this study 
The substrates w^ere present at a concentration of 0 05 ai, but, because of 
their spanng solubility, w^ere mainly in suspension throughout the experi- 
ment The results, therefore, can only be considered as qualitative 

Table V show^s that the histidine derivatives are rather poor substrates 
for chymotrypsin, carbobenzoxy-L-histidyl-L-tyiosmamide and carboben- 
zo\y-L-histidyl-L-phenylalaniiiamide being split at about one-tenth the 
rate and carbobenzoxy-L-histidyl-L-leucmamide and caibobenzoxyglycyl- 
L-histidmamide at about one tw^enty-fifth the late of caibobenzoxyglycyl- 
i>-tyrosmamide The low'' susceptibility of these substiates emphasizes, as 
in the instance mentioned above wuth carboxypeptidase, that the uncharged 
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Table V 

Chyniotrypsin Aciton on Derivatives of Hishdine and Tryptophan 
Crystalline chymotrypsm rvas used at a concentration of 1 54 mg of protein N per 
ml Assays w ere made at 39° with 0 05 m substrate in 0 04 m Tns buffer, pH 8 0 \l) 
substrates were in suspension throughout the period of assay The products of th” 
reaction were identified by means of one-dimensional paper chromatognipln on 
Whatman No 1 paper with butanol-acetic acid-water (200 30 75) Cbz = enrho 
benzo\y 
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and use of the ninhydun and Pauly leaction foi location and identifi- 
cation of the leaction pioducts Foi the thiee substrates, carbobenzoxy- 
glycyl-L-histidinamide, cai bobenzoxy-L-histidyl-L-phenylalaninamide, and 
caibobenzoxy-ii-histidyl-L-tyiosmamide, detectable hydrolysis had occuried 
only at the anude linkage The thiee acylated dipeptides were definitely 
identified and no indication was obtained of the presence of free histidine, 
phenylalanine, oi tyiosme, oi then lespective amides The hydiolysis of 
caibobenzoxy-L-histidyl-L-leucmamide was different Here, the cleavage 
occurred between histidine and leucine, as well as at the amide bond as 
indicated by the identification of leucine with no indication of the acylated 
dipeptide This is somewhat unexpected m light of the behavior of the 
othei histidine-contaiinng substrates Moreover, Sanger and Tuppy (20) 
did not detect any action of chymotrypsin on the two sequences of histidyl- 
leucine winch occur m the oxidized B chain of msuhn With the exception 
of benzoylnorleucine ethyl ester, which is hydrolyzed very slowly, and 
D-leucylglycine, n-leucylglycylglycme, benzoyl-L-leucyl-L-leucylglycme, and 
carbobenzo\yglycyl-L-leucylglycmamide, which are not hydrolyzed at all 

(21) , derivatives of leucine have apparently not been investigated as 
substrates for chymotiypsin It has also been reported that mcotmyl- 
DLrhistidmamide is not hydiolyzed by this enzyme (21) 

The hydrolysis of the two tryptophan compounds was mvestigated, 
since only a few such compounds have been studied (21) From Table V 
it IS evident that both caibobenzoxyglycyl-L-tryptophanamide and cai- 
bobenzoxy-L-tiyptophylglycmamide aie good substrates foi chymotiypsin, 
the former compound being hydiolyzed at both the amide and peptide 
bonds and the latter at only the peptide bond 

Synthesis of Peptides and Dei ivatives 

L-Histidine Methyl Ester Dihydrochloride— Because the classical method 

(22) of esterifying histidine is somewhat troublesome, the following sim- 
phfied proceduie was developed n-Histidme hydrochloride (30 gm ) was 
estenfied m 450 ml of absolute methanol ivith 8 ml of concentiated sulfuric 
acid under reflux foi 1 hour and then for 2 hours with dry HCl On cool- 
ing, the pioduct ciystalhzed as the dihydrochloride, yield, 33 gm , mp , 
200 - 201 ° 

Carbobenzoxy-p-alanyl-L~histidine Hydrazide — -To 3/4 gm of ciystalhne 
carbobenzoxy-/3-alanyl-L-histidine methyl estei (23) m 50 ml of ethanofi 
2 ml of 95 per cent hydrazine hydiate were added After 3 hours at 50 
the reaction mixture was cooled to 0° and the product was collected by 
filtration, v ashed vith cold ethanol, and air-dried, yield, 3 0 gm , mp , 
188-189° 1 

* Analyses for compounds containing histidine are given in Table VI and v ere per- 
formed by Weiler and Strauss of Oxford 
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Carbobenzo\yg]ycyl-/3-alamne ethyl ester (24) vas con\erted to tip 
corresponding h3’’drazide by the same procedure, m p , 142-143° 

CnHi804N4(294) Calculated C 53 0, H 6 1, N 19 1 
Found “ 63 0, “ 6 2, “ 19 2 

The preparation of carbobenzoxy-L-histidme h3fdrazide (10) has been 
desenbed 

Azide Couplings — ^The transformation of the hydrazides to the nzidca 
and their reaction vith ammo acid esteis were accomplished by twogencnl 
procedures which are given below for representative cases Method A 
was preferred because of convenience Method B was used onl} for the 
amino acid or peptide esters which were too soluble in the aqueous plnso 
to give good yields by Method A 

Method A Carhobenzozy-L-hisiidylglycine Benzyl Ester — 3 03 gm of 
carbobenzoxy-L-histidine hydrazide m 100 ml of 0 24 n HCl were conicrtel 
to the azide at 0° by the action of 1 24 gm of NaN02 After 2 miniifcs 
glycine benzyl ester hydrochloride (2 1 gm ) and triethylamine (2 8 ml ) 
m 50 ml of cold chloroform were added vnth vigorous stirring iUtcr 
stirrmg for 30 minutes m the cold, the chloroform layer was separated, 
washed with water, and dried over Na2S04 The dried solution iias con 
centrated to dryness and the residue ivas dissolved in ether On treatment 
with petroleum ether the product precipitated, yield, 3 5 gm , mp, 131- 
136° 

Method B Carhohenzoxy-L-histidylglycylglycine Ethyl Ester ^3 03 gm 
of carbobenzoxy-L-histidine hydrazide m 15 ml of 2 N HCl were converted 
to the azide at 0° by the addition of 0 7 gm of NaN02 After 2 minute.., 
50 ml of cold chloroform contammg 2 8 ml of triethylamine were added 
After equihbration, the chloroform solution of the azide vas separated 
and dned over Na2S04 The dried azide solution was added to a cold 
chloroform solution contammg 1 97 gm of glycylglycme eth3d ester hjdro- 
chloride and 1 4 ml of triethylamine On standing overmght the product 
crystallized, yield, 3 0 gm , mp 180-180 5° 

If the product of the reaction was soluble, the reaction mixture iins 
washed in the usual manner and the solvent was removed by concentration 
Tritmation of the residue with petroleum ether was very effective or 
crystalhzation , i 

Amides and Hydrazides — ^All hydrazides w^ere prepared as escri « 
above The armdes w^ere prepared by the usual procedure 

alcohohe ammoma except for carbobenzoxy-n-histidinamide 

matron of L-histidine methyl ester dihydiochlonde has been 

(9), but the 3ueld ivas poor Treatment of Lgided 

azide (prepared as described above) mth a 3-fold excess of i « 
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the coriesponding amide m good yield Similarly, reaction of the azide 
vith aniline pioduced the amlide (11), although in lower yield Reduction 
of caibobenzo\y-L-lustidmanude by the usual procedure gave pure L-histi- 
dine amide dihydiochloiide in excellent yield 

Sapomficahon 

Caihohmzoxy-^-alamjl-L-hisiidylglyctne — 4 ml of 1 n NaOH were added to 
1 4 gm of the carbobenzoxytripeptide ester in 10 ml of 50 per cent dioxane 
After IS houis the mixture was filteied and the filtrate was adjusted to 
pH 5 8 with 0 8 ml of 5 N H2SO4 After concentration to dryness in vacuo, 
the residue was exti acted with hot ethanol (3 X 15 ml ) The product 
crystallized from the combined filtrates on coohng, yield, 1 0 gm , m p , 
166-167° 

Carbobenzo%y-L-histidyl-L-phenylalamne — 1 5 gm of carbobenzoxy-L-his- 
tidyl-L-phenylalanme methyl ester m 15 ml of methanol were sapomfied 
vith 1 1 equivalents of 1 N NaOH foi 1 hour 1 1 eqmvalents of 1 n HCl 
and 10 ml of water v ere added and the product crystallized immediately, 
yield, 1 6 gm , m p , 230-230 5° 

Carbobenzo\y-L-histidyl-L-tyrosine was prepared in the same way All 
other sapomfied products did not precipitate on neutralization and were 
very slow to crystallize Only carbobenzoxy-L-histidyl-L-leucme and 
carbobenzoxy-L-histidyl-L-alamne, both of which have been described (10), 
could be obtained analytically pure 

Reduction — ^All reductions were performed m the usual manner m meth- 
anol and m the presence of the calculated equivalent of HCl The reduced 
compounds were crystalhzed from water-methanol or water-acetone 

Tryptophan Derivatives 

Carbobenzoxy-L-tryptophylglycine Ethyl Ester'^ — Carbobenzoxy-L-trypto- 
phan (6 8 gm ) (25) was converted to the acid chloride in ethyl acetate 
and coupled vnth glycine ethyl ester prepared from 5 6 gm of the hydro- 
chlonde After 1 hour, the pieparation vas filtered, washed m the usual 
manner, and dried over sodium sulfate The solution was concentrated to 
a thick syrup v hich was allowed to stand under ether , yield, 5 2 gm of 
needles, m p , 120° 

C23H2506N3(423 4) Calculated, N 9 9. found, N 9 7 

h-Indolythydantoin-S-acetamidc ^ — The above ester (3 9 gm ) was treated 
for 2 days at room temperature with 50 ml of methanol which had been 
previously saturated with dry ammonia at 0° The product was obtained 

* This compound was prepared by Dr Emil L Smith 
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b 3 '- repeated concentration in vacuo vnth methanol and crjsialliHwl uitii 
ether After lecrj’-stalhzation from hot methanol, the melting point m 
196° Analysis indicated that the substance vas the hydantoin inmo,) 
above instead of the expected carbobenzoxy dipeptide amide Sinnhr 
hydantoins have been obtained as products of the reaction of dry ammonn 
and the corresponding carbobenzoxy dipeptide esters of phcnjlalannif' 
leucine, and metlnomne (26) 

C)4Hh 03N4(286 2) Calculated C 59 4, H 4 9, N 19 C 

Found " 59 2, " 5 1, " 20 0 

Carbobenzoxy-L-irypiophylglycinamide — To 3 38 gm of earbobenroM i- 
tryptophan in 2 ml of dioxane, 1 4 ml of triethjdamine vere added at 0 , 
follov ed by 2 ml of isobutylchlorocarbonate After 10 minutes, 1 1 gm 
of glycinaimde hydrochloride m 5 ml of 2 n NaOH were added and the 
mixture was stirred for 2 hours The product, an oil, vas extracted \n(h 
chloroform and, after being washed m the usual manner and after renion! 
of the solvent in vacuo, ivas crystallized by repeated concentration from 
ether, yield, 2 0 gm , m p , 135-136° 

C2iHj204N4(3g4 4) Calculated C 64 0, H 5 6, N 14 2 

Found “ 64 2, " 5 7, " 14 3 

The author wishes to express his appreciation to Di EL Smith for 
his advice and suggestions during the course of this investigation 

SUMMARY 

1 A number of peptides and peptide derivatives containing histidine 
and some containing tryptophan have been synthesized and tested ns 
substrates for certain proteolytic enzymes 

2 Leucine aminopeptidase hydrolyzes L-histidinamide and peptide-' 
contaimng the carboxyl group of histidine in peptide linkage No in 
drolysis of carnosine was detected and glycyl-n-histidine is liydrolvrci 
slowly 

3 Crystalline carboxypeptidase hydiolyzes carbobenzoxy dipeptuc^’'^ 
which histidine is in the A'-terimnal position, however, carbobcnzoM 
glycyl-L-histidme was spht at only 0 005 times the rate of carbobenzo\jg ' 
cyl-L-phenylalanine, the best known substrate for this enz 3 ™c 

4 Carnosinase hydrolyzes anserine at about half the rate of carnoJ 
and also splits /S-alanyl-n-histidylglycme 

5 L-Histidmaimde, carbobenzoxy-L-histidinamide, and cai ° 
L-histidyl-L-leucmaimde are relatively pool substrates for crys a me 

6 The action of crystalhne chymotrypsm on several carboben/o\} P^P' 
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tide amides was also studied and the point at which hydrolysis occurred 
lias established by means of papei chromatography The histidme- 
contaming compounds i\eie found to be poor substrates for this enzjune 
Carbobenzovj'^glycjd-L-ti 3 '^ptophanaimde and carbobenzoxy-L-tryptophyl- 
glycinamide pioved to be excellent substiates for chymotrypsm, the former 
compound being hydiolyzed at both the peptide and amide bonds and the 
latter only at the peptide bond 
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THE INHIBITION OF ASPARTIC ACID UTILIZATION IN THE 
SYNTHESIS OF THE ADAPTIVE "MALIC ENZYME" 

IN LACTOBACILLUS ARABINOSUS 


PAUL \V IFLAND* and WILLIAM SKIVE 

(Fiom the Biochemical Inshlnie and the Dcpaitmcnt of Chemistry, The University 
of Texas, and the Clayton Foundation for Research, Austin, Texas) 

(Received foi publication, May 14, 1956) 

The inhibition of utilization of amnio acids m the synthesis of adaptive 
enzymes bj'- annuo acid analogues has been the subject of several recent 
studies (1-3) In most instances, it has been possible to demonstrate 
that the inhibition could be leversed by addition of competitive quanti- 
ties of the coi responding annuo acid In the present mvestigation, the 
inhibitory effects of the aspai tic acid analogues, cysteic acid and /3-bydroxy- 
aspaitic acid, on the synthesis of the adaptive "malic enzjane” by Lacto- 
hacilhis arahinosiis 17-5 (4) have been studied, and the abilities of aspara- 
gine, glycylaspaiagine, and aspartic acid to leveise these mhibitions have 
been deteimmed The study demonstrates that more than one site of 
inhibition by the analogues exists, and that the peptide and asparagine 
aie utihzed by routes which do not involve the free ammo acid 

EXPERIMENTAL 

Cells of L arahinosus 17-5 veie taken from a stock culture maintamed 
on yeast extract-glucose agai and grouui on 8 ml of yeast ex ti act-peptone 
medium (5) for 16 hours at 30° 1 ml of this suspension was transferred 

to 8 ml of the medium described above, and growth was allowed to contmue 
for an additional 8 hours The cells weie collected by centrifugation, 
washed once with 10 ml of distilled water, and resuspended m 3 ml of 
distilled water 2 drops of this heavy suspension w^ere used to inoculate 
80 ml of a synthetic medium smular to one pieviously described (6), 
m a 250 ml Erlenmeyei flask provided with a cotton plug Each liter 
of the growth medium contained 20 mg of l- or 40 mg of DL-amino acids 
B vitamins,^ 2 ml , inoiganic Salts A and B (7), 5 ml each, sodium acetate, 

* Predoctoral Fellov of the National Institutes of Health, 1955-56 

* The complete amino acid mixture consisted of DL-alanine, n-arginine hj dro- 
chloride, L-aspartic acid, L-cysteine hydrochloride, L-glutamic acid, glycine, n-his- 
tidine, L hj-droxyproline, Du-isoleucine, n-leucine, nn-lysine hj drochlonde, dd- 
methionine, L-phenylalanine, L proline, nn-serine, DL-threonine, L-trjptophan, 

L tyrosine, and L-valine obtained from commercial sources 

^ The B vitamin solution contained thiamine chloride hj drochlonde, 3 mg , nico- 
tinic acid, 3 mg , calcium pantothenate, 3 mg , riboflavin, 3 mg , pjridoxine hj dro- 
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6 gm , uracil, adenine sulfate, and guanine hydrochloride, 4 mg cncli 
ammonium chloride, 3 gm , and glucose, 10 gm After incubation at 
30° for 16 hours, the cells (25 to 30 mg , diy weight, of cells per SO lul 
of gronth medium) weie harvested and washed twice with 25 ml portioib 
of cold distilled water, so as to provide a suspension of 1 5 mg of ccll- 
per ml (on a dry weight basis as deteinnned by the use of a turbidimeter 
and a standard curve of mg of cells versus galvanometer deflection) \ 
fresh cell suspension was prepaied each day 

The rate and extent of "mahe enzyme” synthesis were detemuned bi a 
procedure similar to that described by Blanchard et al ( 4 ) Carbon 
dioxide evolved by the action of the enzyme on malic acid u as detemuned 
manometrically by use of the Warburg technique The basal medium 
consisted of DL-malic acid, 240 jumoles, glucose, 120 //moles, magnesium 
chloride, 0 06 //mole, manganese chloride, 0 06 //mole, and potassium pho 
phate buffer, pH 5 5, 70 //moles The mam chambei of the control fliL'l 
contained supplements of ademne sulfate, guamne hydrochloride, and urn 
cil, 20 7 each, 0 1 ml of a 1 20 dilution of Salts B, sodium acetate, 7 
//moles, 0 1 ml of a 1 10 dilution of the vitanun solution ,2 and either 20 / 
per ml of the l foim or 40 7 per ml of the dl form of each of tlie ammo 
acids listed in the complete ammo acid mixture except aspartic acid, uhich 
was added as indicated in the various experiments 

L-Cysteic acid,® prepared by the method of Gortnei and Hoffman ( 8 ), 
and DL-/3-hydro\yaspartic acid,® prepaied by the method of Dakin (9) 
as extensively modified by Skinner and Shive,'’ were added to the nmm 
chamber in solutions of appropriate concentiations Aspartic acid, l 
aspaiagine, and glycyl-L-asparagine were added as indicated in larioib 
experiments to the mam chamber All solutions were adjusted to pH 5 0 
before addition to the flasks The constituents in the main chamber of 
each flask ivere diluted to a volume of 2 6 ml The flasks and their con 


tents were chilled m a cracked ice bath, and the chilled cell suspension 
contaimng 0 6 mg of dry weight of cells was added to the side arm of 
each flask to provide a total volume of 3 ml The system was then flusiiec 
with nitrogen, during which time the flasks Avere chilled by intcnmttcnt 
immersion in ice water After temperature equilibration at 3/ , 
reaction was imtiated by tipping the cells into the mam compartment 

chloride, 50 mg , inositol, 15 mg , biotin, 15 y, /i-aminobenzoic acid, 150 y, and fo 


acid, 150 7 , in 30 ml of 50 per cent alcohol , , . 

3 The authors are indebted to Dr C G Skinner for the cysteic acid anU in 
aspartic acid used in this ^^o^k The less soluble of the tno dinstcreoiso^^ 
hydroxyaspartic acid, termed “para”-hvdro\ynspartic acid by Da in ( , 


in this work 


* Skinner, C G , and Shive, W , unpublished data 
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The amount of caibon dioxide evolution was measured at 15 minute intei- 
vals, and the lesults weie expressed as per cent of carbon dioxide evolution 
of the control in the 1st hour of incubation There is no detectable cell 
multiplication duiing this period, as deternnned by plating experiments 
The contiol incubation medium is optimal in all respects, except anuno 
acid concentiation, which was maintained at low levels to allow studies of 
anuno acid antagonisms over broad ranges of concentrations Carbon 
dioxide evolution during the 1st hour averages about 180 nl , whereas, 
uiidei similar conditions mth adequate concentrations of acid-hydrolyzed 
casein fuimshing lugher concentrations of ammo acids, an increase in 
carbon dioxide evolution of 2-fold or slightly more may be obtained 

Occasionally, cell preparations were obtained which were somewhat 
lesistant to inlnbition by cysteic acid but not by hydroxyaspartic acid 
A 2 houi depletion peiiod, during which the cells were incubated in the 
groviih medium lacking m exogenous aspartic acid, restored sensitivity 
to inhibition by cysteic acid without affecting inhibition by hydroxyaspartic 
acid Thus, a reversing agent for cysteic acid but not hydroxyaspartic 
acid accumulates m the cells Since the agent is depleted m the absence 
of exogenous aspartic acid but not in its presence, it appears likely that 
it IS a derivative of aspartic acid The relative inhibitory activities of 
hydroxyaspartic acid and cysteic acid varied several-fold m different 
experiments as a result of this variation in sensitivity to cysteic acid 
In order to insuie the vahdity of data which were obtained on different 
days with different cell preparations, it was necessary to repeat the ex- 
periments, and use only the experimental results m which quantitatively 
similar data were obtained so that identical controls m the different ex- 
periments gave essentially identical results This was particularly neces- 
sary m comparative studies of the effectiveness of various reversing agents 

RESULTS AND DISCUSSION 

The omission of aspartic acid from the incubation mixture causes a 
marked decrease in the amount of malic enzyme formed (Table I) The 
reqmrement for aspartic acid is satisfied almost as well by glycylasparagme, 
but asparagine is required in considerably larger quantities to piomote a 
given amount of enzyme formation Glycylaspartic acid was inactive 
These results indicate either that asparagine and glycylaspartic acid aie 
not readily absorbed by the cells or that the effectiveness of glyc^daspara- 
gme cannot be attributed to its hydrolysis to free asparagine or to glycyl- 
aspartic acid That the relatively small amount of enzyme actmty found 
when aspartic acid is omitted from the incubation medium is not due to 
the presence of pieformed malic enzyme is demonstrated by the finding 
that this activity could be further decreased by about 50 per cent by the 
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Table I 


Reversal of Cysteie Aeid Inhibition of Make Enzyme Formation hi 
Aspariie Aeid, Glycylasparagine, and Asparagine 


L-Cjsteic acid 

Units re\ ersing 
agent per ml • 

t Aspartic acid 

GIj cyl-L-asparaginc 

t-\5parsti"t 

Enzjme activit>, per cent of control 

ms per ml 





None 

0 

17 

17 

17 


0 2 

25 




0 5 

40 

28 



1 

60 

41 



2 

77 

63 

18 


5 

94 

90 

2G 


10 

95 

100 

41 


20 

100 

103 

CO 


50 



91 


100 



106 

0 

0 

13 

13 

17 

0 2 

0 

6 

6 

9 


2 

19 

21 



5 

27 

46 


1 

10 

43 

69 


1 

20 

67 

73 

21 


50 

73 

79 

40 


100 

78 


64 


200 



81 


500 

96 

79 

86 


1,000 

j 


87 

0 

0 

13 

20 

13 

2 

0 

6 

11 

G 


2 


18 



5 


31 



10 

14 

56 



20 

20 

71 

34 


50 

43 

77 


100 

65 


45 


200 

72 


CO 

79 


500 

83 




1,000 

91 

77 

7G 


10,000 



0 

0 

10 

17 

13 

G 

20 

0 

5 

9 



5 


25 



10 


47 



20 


57 

17 


50 


67 
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Table I — Concluded 


L Cj stcic acid 

Units reversing 
agent per ml • 

L Aspartic acid 

Glycyl L asparagine 

L Asparagine 

Enzyme activity, per cent of controlf 

Ills per m( 





20 

100 



25 


200 

28 


38 


500 

50 

67 

61 


1,000 

63 


63 


10,000 

85 

61 

61 


* 1 unit of reversing agent is the molar equivalent of 1 y of L-aspartic acid 
t Per cent of carbon dioxide evolution of the control, containing 20 y of L-aspartic 
acid per ml of complete ammo acid mixture and no inhibitor, in the 1st hour of 
incubation in the piesence of malic acid 


addition of as little as 200 y P^r ml of cysteic acid Smce this effect is 
observed m the absence of exogenous aspartic acid, so that any aspartic 
function in malic enzyme s 3 Tithesis must be performed by an endogenous 
source of aspaitic acid, the site of action of cysteic acid under these con- 
ditions IS not on the process of absorption of aspartic acid into the cell, 
but mvolves an inhibitoiy effect within the cell Previous evidence for an 
internal site of action of cysteic acid has been obtained m growth inhibition 
studies with Leuconostoc dextramcum under conditions such that the organ- 
ism was forced to synthesize its own aspartic acid (10) 

The reversal of cysteic acid inhibition of enzyme synthesis by aspartic 
acid appears to be of the competitive type over a range of concentrations 
(Table I) On the other hand, only a 2-fold increase in concentration of 
glycylasparagme is required for reveisal of inhibition by cysteic acid over 
the range from 0 2 to 20 mg per ml However, in contrast to reversal 
with aspartic acid, the reveisal of inhibition with glycylasparagme is 
never complete and becomes less complete at higher concentiations of 
cysteic acid, so that only 67 pei cent reversal is attained at 20 mg per ml 
of cysteic acid The decreasing effectiveness of glycylasparagme m re- 
storing maximal S 3 mthesis ivith increasing inhibitor concentrations suggests 
that, if it were possible to use higher concentrations of inhibitor, glycyl- 
asparagme probably could be rendered ineffective as a reversing agent m 
contrast to the truly competitive reversing effect of aspartic acid Glycyl- 
asparagme apparently furnishes an "active aspartic acid” through a 
process not involving the free ammo acid and bypasses the major site of 
cysteic acid inhibition, but at very high concentrations cysteic acid can 
apparently inhibit the utilization of the peptide m some manner, probably'’ 
at some metabohc site other than the imtial site of utihzation Thus, 
under certam conditions, the free ammo acid is best utihzed for enzy'me 
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synthesis, and under other conditions the peptide is the more cfTectnch 
utihzed 

The effect of asparagine on cysteic acid inhibition of enzjTiie s} lUhesis n 
similar to that of glycylasparagine, except that it is considcrabh lc^^ 
effective (Table I) Since a certain amount of asparagine is probabK 
required for incorporation into the protein, the effect of aspaiagine on 
the amount of aspartic acid necessary foi reveisal of the inhibition was 
determined as indicated in Table II Asparagine at a concentration oi 

Table II 


of Asparagine on Aspartic Acid Reversal of Cysteic Acid 
Inhibition of Malic Enzyme Formation 




Supplements 

L-Cysteic acid 

i>Aspartic acid 

None 

l^Aspaiasuic, 10vr<fc' 



1 

Enzyme activity, per cent of control* 

mg per ml 

7 per ml 



2 

0 


13 


10 

32 

iZ 


20 

49 ! 

62 


50 

77 


20 

0 


8 


50 

23 

30 



39 

48 



52 



* Per cent of carbon dioxide evolution of the control, containing 20 7 of n aspai 
tic acid per ml of complete anuno acid mixture and no inhibitor, in the 1st hour of 
incubation in the presence of malic acid 


10 Y per ml decreases 2-fold the amount of aspartic acid required to reverse 
either 2 or 20 mg per ml of cysteic acid Since asparagine exerts such n 
sparing effect, it appears that cysteic acid also prevents the S3Tithcsis 0 
asparagine for incorporation into the enzyme Since asparagine at 
concentrations can also replace all of the functions of aspartic aci , 
mechanism for its utilization other than by formation of the free amino 
acid must also exist, however, this route is less efficient than that or iH ■ 
zation of glycylasparagine , 

Inhibition of malic enzyme synthesis by hydroxyaspartic aci is 
competitively reversed by aspartic acid The results 
quahtatively comparable to those obtamed with cysteic acid, but 3 
aspartic acid was found to be less effective as an inhibitor than cys cic 
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Table III 

Reversal of H,jd,o.,ioopo,l,o Acd IMu.on of Make Bno,j,„c Synlhoo,. 

,lad. B„jcu,„op„a„n,, „„d Aopo.aU, 


DLH>droxj asparlic 
acid* 


Units rc\ crsiiiK agent 
per ml t 


«iS per ml 


0 

0 2 


0 

0 

1 

2 

5 

10 

20 

50 

100 

200 

500 


i/-Aspartic acid 

Gljcyl L asparagine 

J>Asparagme 

Enzyme activity, per cent of controlt 

17 

17 

17 

9 

9 

10 

36 

20 


62 

41 


90 

74 


95 

75 

19 

98 


32 



70 


96 

1 

92 


90 97 

96 104 


0 

2 


0 

0 

2 

5 

10 

20 

50 

100 

200 

500 

1,000 


12 

8 

17 

40 

59 

74 

92 

95 

103 


12 

8 

28 

53 

64 

66 

71 


71 


12 

8 


18 

42 

65 

72 

88 

100 


0 

20 


0 

0 

2 

5 

10 

20 

50 

100 

200 

500 

1,000 

10,000 


25 

50 

64 

70 

90 

99 


21 

45 

62 

65 

69 


68 


30 

45 

63 

69 

76 

74 


* “Para” isomer 

f 1 unit of reversing agent is the molar equivalent of 1 7 of L-aspartic acid 
t Per cent of carbon dioxide evolution of the control, containing 20 7 of l aspartic 
per ml of complete amino acid mixture and no inhibitor, in the 1 st hour of in- 
cubation in the presence of malic acid 



956 


INHIBITION OP ASPARTIC ACID UTILIZATION 


In Older to deteimine whether hydroxyaspartic acid and cjsteic 'icid 
inhibit the same or diffeient sites involved in the utilization of a'^pirtic 
acid foi enzyme synthesis, a study of the effects of combinations of llu 
two inhibitois ovei a lange of concentiatioiis was undertaken The results 
are indicated in Fig 1, which also contains the theoretical icsnlts iiluch 



ASPARTIC ACID ANALOGUE, MG PER ML 

05 I 25 5 

ANALOGUE MIXTURE, MG OF EACH PER ML 
Fig 1 Inhibition of “malic enzyme” synthesis by combinations of cjsteic acid 
and hydroxyaspartic acid The cells were incubated for 2 hours in complete growlh 
medium without exogenous aspartic acid, 0 8 mg of dry n eight of cells per flask 
The results are expressed as per cent of carbon dioxide evolution of the control (con 
taming 20 y of l- or 40 y of DL-amino acids per ml , to provide the complete amino 
acid mixture, in the absence of inhibitor) in the first 90 minutes of incubation in t c 
presence of malic acid All the flasks contain L-aspartic acid, 20 y per ml I 
conditions are as described in the text 

would be expected if the two inhibitors were acting at the same site 
lesponse to a combination of the inhibitors is not additive but approxiniia cs 
the product of the responses, expressed as per cent of controls, o aiiF 
separately with each inhibitor The expeiimental and 
gistic effects are shown in Fig 1 Such a synergistic effect cou 
been produced equally well by inhibition of two reactions m 
01 by independent inhibitions of separate sites on a template oi 
molecule which is specific for the aspartate moiety The latter 
would also require the utihzation of glycylasparagme at t e^o - 
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sites piesumably by a “tiansfeiase” type leaction Evidence for the 
accumulation of an aspaitic deiivative capable of reversing piimarily 
cj^steic acid inhibition tends to favoi the former mechamsm Fuithei 
studies conceimng this aspect of the pioblem aie in progress 
A stud}’’ of the leveisal of the inlubition produced by a combination of 
cysteic acid and hydioxyaspaitic acid by aspaitic acid, glycylaspaiagme, 
and asparagine revealed no sigiuficant differences fiom the reversals ob- 
tained when each mhibitoi was tested separately 

SUMMARY 

Inhibitions of synthesis of the adaptive “mahc enzyme” of Lactobacillus 
atabinosus 17-5 by the aspartic acid analogues, cysteic acid and /S-hydroxy- 
aspartic acid, are reversed competitively by aspartic acid Glycylaspara- 
gine and, less effectively, asparagine reverse the inhibitions m a non-com- 
petitive manner, but do not completely reverse the inhibition at high 
concentrations of mhibitoi Since aspartic acid is slightly more effective 
than glycylaspaiagme m piomotmg enzyme synthesis m the absence of the 
inhibitor, but less effective in the presence of moderate concentrations of 
the aspartic acid antagomsts, the peptide is utilized by a route not involvmg 
the free ammo acid, but probably involvmg a common active intermediate 
Cysteic acid and hydroxyaspartic acid are synergistic m inhibitmg aspartic 
acid utihzation These results are compatible "with a mechamsm of m- 
hibition of aspaitic acid utilization either at two successive sites of a se- 
quence of reactions or at independent sites on a template or maciomolecule 
The latter mechamsm would also necessitate the utilization of glycyl- 
asparagme at these sites, presumably by a “transferase” type reaction 
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The ability of mauy oigamsms to use certain keto acids in the place of 
the corresponding amino acids is now well known (1-5) The utihzation 
of a keto acid is often i elated to the ease with which it can entei mto trans- 
amination leactions to foim the coi responding ammo acid Jacquez et al 
(6) reported the pieparation of thienylpyiuvic acid and described studies 
in which it entei ed into certain transanunation reactions in mouse and 
lat tissues Meister (7) found that extiacts fiom Lactobacillus aiahinosus 
catalyzed transamination between j8-2-thienylalamne and a-ketoglutarate 

In view of the metabohe importance of keto acids, a study of the abihty 
of phenylpyiu^nc acid to form phenylalamne and to pi event the toxicity 
of /3-2-thienylalamne and its peptides was undertaken with Escherichia coli 
9723 as the test oigamsm In addition, the ability of 2-thienylpyi’uvic 
acid to inhibit growth of the orgamsm and the effects of phenylpyruvic 
acid and phenylalanine on the inhibition were studied The possibility 
of the existence of sepaiate sites of competition of ammo acid, keto acid, 
and peptide and their corresponding analogues was also investigated 

EXPERIMENTAL 

Compounds — ^2-Thienylpyruvic acid was prepared as previously reported 
(6), except that in our procedure the azlactone intermediate was obtained 
from chloroacetyl-j8-2-thienylalamne (8) The melting point of thienyl- 
pyruvic acid was 164-165° (on a preheated block), confirnnng that leported 
by Jacquez et al (6) Other compounds were obtained commercially 
or were prepared by well known procedures 

Testing Methods — The assay procedures and medium for grovdh ex- 
periments have been previously described (9) 

Resting Cell Experiments — For studies concernmg the conversion of 
phenylpyruvic acid to phenylalamne, E coh 9723 was grown overnight m 

* Support of the work by one of the authors (F W D ) bj' grant No GR-2S43 
from the United States Public Health Service to Abilene Christian College is grate- 
fully acknowledged 

t Rosalie B Hite Postdoctoral Fellow 
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the salts-glucose medium The cells ^^ere centrifuged and then aajlin! 
Bith saline and suspended in phosphate buffer at pH 7 i nil of 
suspension, when combined with 1 ml of solution of supplements, pal 
a final cell concentration of about 2 mg per ml The tubes i\ere incnbitel 
at 37° with occasional shaking At intervals of 0, 60, 120, and 240 mmntl 
10 lA samples of the imxtuies weie withdiawn and placed on 
filter paper foi prepaiation of the chromatograms The sample was cliro- 
matogiaphed by the ascending technique m 1-butanol saturated with 
water as the solvent, and the atmno acids were detected by reaction with 
nmhydrm 


RESULTS AND DISCUSSION 

On mnhydrin-treated chromatograms of the medium fiom incubated 
resting cells of E coli, prepared as indicated above, a purple spot cor 
responding to phenylalamne appeared from medium containing plicinl 
pyruvic acid with tryptophan, tyrosine, glutaimc acid, tliienj lahiimc, 
or ammomum chloride Thienylpyruvic acid was similarly com cried 
into thienylalanme, and the spots corresponding to phenylalanine and 
thienylalamne formed from the corresponding keto acids became mote 
intense after incubations of 2 to 4 hours The chromatogiam represented 
in Fig 1 was piepared from cell preparations which had been incubntcd 
foi 2 houis with 0 5 mg of each of the compounds indicated Control 
experiments showed that phenylpyruvic acid was not converted into 
phenylalanine by resting cells under these conditions m the absence of 
the nitrogen sources Also, the cells alone did not yield detectable amount!! 
of phenylalamne when suspended m the phosphate buffer alone, within 
the 4 hour peiiod 

Fiom the chromatogram, it is apparent that resting cells of E coh 0723 
can leadily conveit phenylpyruvic acid into phenylalamne ivhen an}' one 
of a variety of ammo acids is present, including tluenylalanme, tryptophan, 
tyrosine, and glutamic acid Unexpectedly, it was found that plicinl 
pyruvic acid was rapidly converted into phenylalamne vhen ammonium 
chloiide was present as the only nitrogen source Siimlarly, tiiiein 
pyruvic acid was converted into thienylalanme in the presence of ammo 
mum chloride as well as the ammo acids Since ammonium ion was fouiK 
to be almost tivice as effective as glutamic acid or other ammo aci s as s 
nitrogen source in the conversion of phenylpyruvic acid to pheny a am 
(Fig 1), a hitherto unrecognized aimnation mechanism apparent} occu^^ 
in this strain of E coh Further studies which show' that pheny 
acid IS converted to phenylalamne by a specific triphosphopyn me mie 
tide-dependent dehydrogenase system are being published clscw icrc 

1 Ohvard, J , Dunn, F W , and Shive, W , manuscript submitted for publicWi 
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In giowtli assays, plienylpyruvic acid at low concentrations does not 
appieciably affect the toxicity of thienylalanme and its peptides for E coh 
Ei'^en at a concentiation of 5 7 per 5 nil , the keto acid exerts only moderate 
effects, howevei, at lughei concentiations phenylpyruvic acid non-com- 
petitively leverses the toxicity of peptides of /3-2-thienylalamne (Table I) 
Pheii}’’! alanine has similaily been shown to reverse the toxicity of these 
peptides in the same mannei ( 8 ) 

In level sing the toxicit}'^ of /3-2-tluenylalanme, phenylpyruvic acid is 
less effective than phenjdalanine at low concentrations of inhibitor, but 


PA Rf 25 

f' — X 
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+ 
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■f 
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Pig 1 Drawing of typical chromatograms showing the conversion of phenyl- 
pyruvic acid and thienylpyruvic acid into phenylalanine and thienjdalanine, respec- 
tively, in the presence of resting cells of E coh 9723 Abbreviations PA, phenyl- 
alanine, TA, ^-2-thienylalanine , Tr, tryptophan, Ty, tyrosine, G, glutamic acid, 
PPA, phenylpyruvic acid, TPA, 2-thienylpyruvic acid 

becomes more effective than the ammo acid at high concentrations of 
thienylalamne (Table II) Thus, only 5 7 of thienylalanme inhibit growth 
in the presence of 5 7 of phenylpyruvic acid in 5 ml cultures, while 1 mg 
of thienylalamne is required for growth inhibition in the presence of an 
equivalent amount of phenylalanine (10 7 of the racemic form), but 50 7 
of phenylpyruvic acid reveise the growth inhibition by 5 mg of thienylala- 
nine, which is not reversed by 100 7 of DL-phenylalamne 
From imtially low concentrations, an increase in the phenylpyruvic 
acid concentration requires moie than a proportional increase in the thienyl- 
alanine concentration to effect the same degree of inhibition, but at mod- 
erate concentrations the relationship becomes competitive 
Mixtures of phenylalamne and phenylpyruvic acid exert more than an 
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additive effect in leveising the toxicity of thien3dalaniiie V rclatuol^ 
small amount of phenylpyiuvic acid increases the ratio of thicmlaknir 
to phenylalamne necessary for growth inhibition Also, a small amount 

Table I 


Reversal of Toxiezly of Thienylalamne and Its Peptides bij Phcnylpyritvic Ict^f 
Test organism, E coli 9723, incubated 17 hours at 37° 


Phenylpj ruvic acid* 

Units, per S ml t 


Supplemcntst 


TA§ 

TAG 

GTA§ 


Galvanometer readmgsl] 

7 per 5 ml 






5 

0 

47 

57 

49 

o7 

5 

0 3 

49 




5 

1 

12 

58 

49 

o6 

5 

3 

6 

35 

7 

o9 

5 

10 


29 


7 

5 

30 


4 


1 

15 

0 

48 

57 

49 

o7 

15 

3 

43 


36 


15 

10 

26 

46 

17 

56 

15 

30 

12 

44 

8 

3 

15 

100 

2 

39 

4 


15 

1,000 


33 


j 

50 

0 

48 

56 

48 

o7 

50 

1,000 

40 

53 

47 

56 

50 

3,000 

36 


46 

oS 

50 

10,000 

3 

58 

51 


* In the absence of exogenous phenylpyruvic acid, the concentrations inhibiting 
growth were TA, 1, TAG, 3, GTA, 1, LTA, 3 units per 5 ml 
1 1 unit contains the equivalent of 1 t of |8-2-thienyl-DL-alamne 
t The abbreviations are as follows TA, ;3-2-thienyl-DL alanine, TAG,^ 2 thicm 
DL-alanylglycine , GTA, glycyl-/3-2-thienyl-DL-alanine, LTA, L-leuc}! P 2 thieni 
DL-alanine 

§ Separate experiments 

II A measure of culture turbidity, distilled water reads 0, an opaque o jec 

of phenylalamne allows phenylpyruvic acid to leveise the toxicitj oHl'^ 
enylalamne in a competitive manner over a range of concentrations 
cessively highei amounts of eithei phenylalanine oi phenylpj rin ic 
allow' the othei to exert gi eater reveismg activities At 
concentrations of phenylpyruvic acid, a low concentration of p eii) i 
has no effect, presumably because transarmnation of tlneny a an i 
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Table II 

Effect of Comhinations of Phcnylpyruvic Acid and Phenylalanine 
on Toxicity of Thienylalanine 


Test organism, E coli 9723, incubated 17 hours at 37° 




Supplements 

fi 2 Thienj 1- 

DL PhenjI 


Phenylpynivic acid, -v per 5 ml 








DL-alanmc 

alanine 

0 

s 

10 

20 

50 

100 



Galvanometer readings 

y per 5 ml 

y per 5 ml 







0 

0 

71 

72 

69 




0 5 

0 

43 






1 

0 

3 

69 





2 

0 


14 

68 




5 

0 


9 

42 




20 

0 



37 

50 



50 

0 



22 

50 



500 

0 



23 

44 

59 


1,000 

0 



9 

43 

57 

64 

2,000 

0 




38 

54 


5,000 

0 




4 

48 

55 

10,000 

0 





10 

54 

20,000 

0 






1 

0 

10 

70 

70 

70 

69 

69 

68 

500 

10 

22 

33 

47 

57 



1,000 

10 

1 

22 

32 

49 

63 

67 

2,000 

10 


4 

15 

34 

56 

65 

5,000 

10 



3 

1 

49 

60 

10,000 

10 





2 

49 

20,000 

10 






1 

0 

20 

69 

70 

69 

76 

71 

69 

500 

20 

49 

55 





1,000 

20 

19 

45 

52 

59 

61 


2,000 

20 

4 

7 

22 

42 

63 

5,000 

20 


4 

3 

20 

58 

10,000 

20 




5 

26 

62 

20,000 

20 





5 

5 

0 

100 

71 


70 




2,000 

100 

68 


68 




5,000 

100 

4 


46 




10,000 

100 



4 
















